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PREFACE 


Investigations on the colloidal character and applications of 
the inorganic salts are second in importance only to those on the 
hydrous oxides in the development of the modern theories of 
colloid chemistry. The present volume presents a critical sum- 
mary of the colloidal behavior of the salts with particular refer- 
ence to their role in the study of colloid chemical phenomena and 
to the theory underlying their technical applications. 

The plan of the book is as follows: After a chapter dealing in 
a general way with the conditions of formation of colloidal salts, 
separate sections are given over to the colloidal sulfides, sulfates, 
halides, complex cyanides, silicates, and miscellaneous salts. 
The first portion of each section is devoted to a critical survey of 
the colloidal characteristics of the individual salts and the second 
portion to the general theory of the applications which are con- 
cerned with their colloidal behavior. In view of the compre- 
hensive nature of the plan it is hoped that the volume will prove 
helpful to student and researcher in both theoretical and applied 
colloid science. 

It is a pleasure to acknowledge gratefully the valued assistance 
of the following gentlemen who read and criticized certain por- 
tions of the manuscript: Wilder D. Bancroft of Cornell Univer- 
sity, Robert H. Bogue of the United States Bureau of Standards, 
E. Newton Harvey of Princeton University, 8. Edward Sheppard 
of the Eastman Kodak Company, and James E. Vail of the 
Philadelphia Quartz Company. 

Harry B. Wersmr. 


Houston, TEXAS. 
March, 1928 
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THE COLLOIDAL SALTS 


CHAPTER I 
THE FORMATION OF COLLOIDAL SALTS 


Two general methods of obtaining substances in the colloidal 
state may be distinguished: condensation or precipitation 
methods, and dispersion or peptization methods. In the conden- 
sation methods, substances in molecular solution interact under 
suitable conditions with the separation of a difficultly soluble 
body as a second phase. In the dispersion methods, conversely, 
the substance in mass is disintegrated or peptized by suitable 
means. The application of these general methods to the forma- 
tion of colloidal salts will be considered in this chapter. 


CONDENSATION METHODS 


The Theory of von Weimarn.—The first systematic investiga- 
tion of the form in which substances precipitate from solution 
was made by von Weimarn.'! He calls attention to a number of 
different factors on which precipitation depends: the solubility 
of the substance, the latent heat of precipitation, the concentra- 
tion at which the precipitation takes place, the normal pressure 
at the surface of the solvent, and the molecular weights of the 
solvent and the solute. He points out the impossibility of taking 
all of these factors into account and simplifies the problem by 
considering but two of the factors: the solubility of the precipitat- 
ing substances, and the concentration at which precipitation 
begins. The process of condensation (precipitation) is con- 
sidered as taking place in two stages: the first stage, in which 
the molecules condense to invisible or ultramicroscopic crystals; 
and the second, which is concerned with the growth of the 

1 Kolloid-Z., 2, 199, 230, 275, 301, 326; Supplement 2, LII; 3, 89, 282 
(1908); 4, 27 (1909); ‘‘Grundztige der Dispersoidchemie’’ (1911); ‘Zur 
Lehre von den. Zustainden der Materie”’ (1914), 
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particles as a result of diffusion. The velocity of condensation 
at the important first moment of the first stage of the process is 
formulated thus: 


condensation pressure ~ Q-L ye RE SKU oh 


Wes condensation resistance L Sh; 


in which W is the initial rate of precipitation, K a constant, Q the 
total concentration of the substance that is to precipitate, L 
the solubility of coarse crystals of the substance, Q — L = P, the 


: ye ; 
amount of supersaturation. The ratio ina U, is the percentage 


supersaturation at the moment precipitation begins. To take 
care of other factors which may enter into the process, von 
Weimarn introduces a ‘‘variable multiplier” J and the equation 
becomes: 
ee ear 
W = KJ— 7 (2) 
The velocity of the second stage of the process is given by the 
Nernst-Noyes equation: 
Viet Oana) (3) 
S 
where D is the diffusion coefficient, S the thickness of the adherent 
film, O the surface, C the concentration of the surrounding solu- 
tion, and / the solubility of the disperse phase for a given degree 
of dispersity. C — 1 maybe termed the absolute supersaturation. 
By the aid of these equations, several facts are interpreted. 
It will be seen that the velocity of precipitation depends 
not on the supersaturation P, but on the percentage super- 


meat he ; : 
saturation L: Thus, with a given value of P (say, a few grams 


per 100 cubic centimeters), a very soluble substance, such as sodium 
chloride, will deposit nothing at first and finally a few crystals 
may form; but with the same value of P, an almost insoluble 
substance, such as alumina or silver chloride, will give an immedi- 
ate gelatinous or curdy precipitate. The difference is, that the 
velocity of precipitation is much smaller in the first case than in 
the second. On the other hand, if sodium chloride is formed by 
the interaction of sodium ethylate or sodium thiocyanate and 
hydrochloric acid in a mixture of ether and amyl alcohol, in 
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which sodium chloride is practically insoluble, the precipitate is 
curdy like that of silver chloride. 

While the value of P is not in itself of primary importance in 
determining the form of a precipitate, its value is not without 
influence, since quite different results are obtained, depending on 
whether a given value of U is obtained by a large P or by asmall L. 
In the first case a large amount of disperse phase must be pro- 
duced, and in the second very little. Hence, if U is large, the 
former will, in general, give a gelatinous precipitate or jelly, and 
the latter a larger number of highly dispersed particles—a sol. 

Von Weimarn considers that, with increasing supersaturation, 
five stages can be distinguished in the case of sparingly soluble 
substances, although the dividing line between the stages is not 
sharp. If the supersaturation is slight, no precipitation occurs 
inside of several years; in the next stage of higher supersaturation, 
perfect crystals appear in a relatively short time; in the third 
stage, skeleton crystals and needles are obtained; and in the 
highest stage of supersaturation, a jelly results. Von Weimarn 
believes all precipitates to be crystalline; but he believes gases 
and liquids to be crystalline, which is conclusive evidence that 
he is not restricting the term crystalline to its ordinary use. 

Von Weimarn has tested his theory in a large number of cases 
and he claims that it interprets the facts quantitatively in every 
instance. While this claim seems to be altogether too extrava- 
gant in the light of the facts to be recounted later, certain points 
in his theory have quite general validity. The case of barium 
sulfate will serve to illustrate his observations. The solubility 
of this salt (0.0024 gram per liter at 18°) is fairly high compared 
to that of hydrous alumina, say; hence with ordinary laboratory 
solutions of barium chloride or nitrate and alkali sulfates, the 
values of P which can be obtained are not large enough to give 
large values of U. Under these conditions, the rate of formation 
of particles is relatively slow and their subsequent growth is 
rapid. Accordingly, the precipitate ordinarily obtained is made 
up of fairly large crystals. But by making use of more soluble 
salts, such as barium thiocyanate or iodide and ammonium or 
manganese sulfate, it is possible to obtain the salt in any form 
from large crystals to a clear jelly. In the actual experiments, 
equivalent solutions are mixed in equal volumes. Obviously, it is 
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necessary to use correspondingly large volumes of the very dilute 
solutions, otherwise there will not be a visible quantity of barium 
sulfate to separate out. Strictly, the product of the volume and 
concentration should be a constant.!_ The results of a series of 
observations are summarized in Table I. 


TaBLe I.—EFFreEect oF THE CONCENTRATION OF REAGENTS ON THE PHYSICAL 
CHARACTER OF BARIUM SULFATE 


P rae 
Normality of | Excess of 6 
reagents BaSOu, L = 0.0002 


Ba(CNS), ee saris Nature of precipitate 


and MnS0O, 100 cubic 100 cubic 
centimeters | centimeters 


\ 


0.00005 0.0000 0 No precipitate in a year. 


to to to Microcrystals to be expected 
0.00014 0.0006 3 in a few years and macro- 


crystals from very large 
amounts of solution 


Slow precipitation at U = 8. 


ae ee = Momentary solstage at U = 
0.0017 0.0096 48 25. Complete separation in 
months to hours 
0.0017 0.0096 48 Precipitation in few seconds at 
to to to U = 48; beyond this, instan- 
0.75 4.38 21,900 taneous precipitation of erys- 
tal skeletons and needles; at 
U = 21,900, crystals are 
barely recognizable 
OV76 4.38 21,900 Immediate formation of appar- 
to to to ently amorphous precipitates 
3.0 eal 87,500 
3.0 Alton 87,500 Cellular clear jellies 
to to to 
0) 40.90. 204, 500 


From the above data it is obvious that a sol of barium sulfate 
cannot be obtained unless LZ is diminished, since increasing P 
1Von Weimmarn: “Zur Lehre von den Zustiinden der Materie,’’ 83 (1914). 
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leads to the formation of a jelly. A sol can be formed by the 
addition of alcohol to the water as Kato! has demonstrated. 

Von Weimarn recognized that the velocity W of the first stage 
of precipitation cannot be measured in actual practice, and that, 
in many eases especially interesting in the synthesis of colloid 
systems, the velocity U of the growth of particles cannot be 
determined. In due time, therefore, he introduced a specific 
coefficient called the ‘‘ precipitate form coefficient”’ or ‘“‘ dispersity 
coefficient’? N which is given by the expression: 

P 


N = rE " Kus ; Kua : Koa : ie : Z (4) 


: ree! oe : : 
in which zs the percentage supersaturation as in the velocity 


equation, Z the viscosity, and Kw, K-a, ete. represent the “ physi- 
cal and chemical association’’ of the substances AB, CD, etce., 
which enter into the reaction AB (in solution) + CD (in solution) 
= AC (precipitate) + AC (in solution) + BD (in solution). 
The significance of ‘‘ physical association”’ is known but it is not 
clear what von Weimarn means by ‘“‘chemical association.” 
This makes no difference, however, for the several factors are 


; ie : 
neglected and N is set down equal to 7 that 1s, 


P 
N = L (5) 
or better, 
P 
N= J ie (6) 


in which J has the same significance as in Hq. (2). 
Now if NV is taken as approximately equal to y) 28 von Weimarn 
r} 


first assumed, then for the different substances x, y, and 2, 


Tee yt oy ae 
Nz = ie N, = ti and Nz = ib 


If the character of the precipitate is to be the same, irrespective 
of the chemical nature of the salt; in other words, if 


ING = Ne = N, 
then 
Beeler 
ie Jae (7) 


1 Mem. Coll. Sci., Kyoto Imp. Univ., 2, 187 (1909). 
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This is the simplest expression for von Weimarn’s Law of Corre- 
sponding States for the Precipitation Process, which says that 
under corresponding conditions of precipitation, the mean magni- 
tude (expressed in gram molecules) of the crystals of substances 
capable of precipitation, will be the same, In the form given in 
Eq. (7) the so-called law can hardly be regarded as a first approxi- 
mation, even with substances that are related chemically. This 
is illustrated by the observations of Buchner and Kalff! recorded 
in Table II. L is the solubility of the several salts and N is 
calculated from the concentrations of the solutions employed 


using the expression N = TL 


TaBLE II.—PuysicaL STATE OF PRECIPITATES 


Salt L N State of precipitate 
CaF». 4x 10-4 3,400 | Jelly 
BaF). 18 x 1073 75 | Jelly 
CaSO erro Oe Sex LOn 140 | Jelly 
Ba SO peer onieres 2 5e10s5 100,000 | Jelly 
AgCl Leos 700,000 | Colloidal, instable 
Ag Brat pee en tae eer ae a Ore 8,000,000 | Colloidal, instable 
AglI. 1.5 X 1078 | 30,000,000 | Jelly, instable 
POL ee eect ot 4.8 < 1073 360 | Colloidal 


Sonsidering the first four salts, it will be seen that the nature 
of the precipitate is the same although the value of N varies 
between 75 and 100,000. Von Weimarn obtained well defined 
crystals of barium sulfate at values of N varying between 50 
and 20,000. The law of corresponding states in the simplest 
form would require that, under the conditions recorded in the 
table, CaSO, Cal’:, and Bak, should give crystalline precipi- 
tates instead of transparent jellies. Considering next the silver 
halides: If von Weimarn’s law in its simplest form held, these 
salts should give jellies more stable than barium sulfate under the 
conditions used; but, instead, they form colloidal solutions which 
later come down in flocks of an entirely different physical char- 

1 Rec. trav. chim., 39, 185 (1920). 
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acter from the barium sulfate jelly. Finally, the small value of N 
for lead iodide would lead one to expect the formation of a 
definitely crystalline precipitate under the conditions employed; 
actually, a jelly results. 

An even more striking exception to von Weimarn’s theory is 
the case of manganese arsenate, which can be made to form a 
stiff jelly by mixing very dilute solutions of potassium arsenate 
and manganese sulfate.' The value of L for the precipitate is so 
large that precipitation is slow and quantitative precipitation 


‘ B : 
impossible, so that - = N is very small. 
L 


Von Weimarn’s? explanation of these discrepancies is, of 
course, that the law of corresponding states for the precipitation 
process is not the simple expression 


Pee diy 2 Lata, 
[TN ES, Id 

but 
[pee Pe en 
Leg al aT 


in which J,, J,, and J, are specific variable multipliers, the value 
for any substance being “the product of all other factors (in 


a Ne ns cae 
addition to a which influences the crystallization process. 
These values must be expressed by abstract numbers such that 


he ; 
the values for zT we equivalent.’”’? In other words, von Wei- 


marn’s equation for his so-called law becomes quantitative and 
generally applicable by putting in ‘‘ variable multipliers,’’ handy 
wastebaskets, as it were, into which are thrown all the variable 
factors known or unknown which have not been evaluated. 

While facts may be expressed fairly accurately by means of 
such flexible formulas, it is doubtful whether anything is gained 
scientifically by regarding formulations of this kind as quantita- 
tive representations of natural laws. Von Weimarn evidently 
thinks so, but his opinion is not shared generally. Thus, Ban- 
croft* prefers to discard the formulas altogether and state the 

1 Weiser and Buoxsom: J. Phys. Chem., 28, 26 (1924); see p. 376. 

2 Kolloidchem. Bethefte, 18, 48 (1923). 

3 Von WemMaARN: Kolloidchem. Beihefte, 18, 48 (1923). 

4 J. Phys. Chem., 24, 100 (1920). 
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whole thing from another point of view. He points out that the 
mean size of the crystals is determined by the total amount of 
material crystallizing and the number of nuclei. The really 
important thing, therefore, is the number of nuclei which are 
formed under any given conditions. It is contended, very prop- 
erly, that factors other than percentage supersaturation influence 
the number of nuclei formed. Thus the specific nature of the 
substance, stirring, and temperature have a profound effect on 
nuclei formation, and adsorption exerts a marked influence on 
the growth of particles.1 Freundlich? likewise does not believe 
that the separation of a solid phase is generally and uniformly 
regulated by its solubility and the supersaturation prevailing: 
‘‘What is known concerning the extraordinary sensitiveness to 
foreign substances of the velocities of formation of nuclei and 
crystallization makes it a priort improbable, and experience has 
not confirmed this theory.” 

Von Weimarn’s reply is that all of the several specific 


de : : 
factors other than z are taken into account by means of his 


variable multiplier. It seems rather unfortunate for von Wei- 
marn to conclude that criticism of his point of view is due largely 
to misunderstanding owing to incomplete knowledge of his work. 
What seems more likely is that people understand it too well 
and so refuse to recognize the general validity of a theory which is 
formulated by the use of a variable multiplier made up of an 
indefinite number of unevaluated factors. 

In this connection, one seems justified in raising the question 
as to what is gained by substituting activities for concentrations 
in order to bridge the gap between actual and ideal solutions. 
Dawson? writes: 


The deviation of actual from ideal behavior may be conveniently 
expressed by the activity coefficient (y= ratio of activity to 
concentration), which may be defined as the factor by which the con- 
centrations must be multiplied in order to make the expressions for mass 
action and free energy applicable to actual as distinguished from ideal 
solutes. 


1 Weiser: J. Phys. Chem., 21, 314 (1917). 
* “Kapillarchemie,”’ 631 (1922). 
*“ Annual Reports on the Progress of Chemistry,’ 21, 24 (1924), 
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The so-called activities obtained in this way are the values which 
one must substitute in the formulas in order to make the formulas 
fit.' So long as people are satisfied to follow such a procedure 
there is little hope of improving formulas which are admittedly 
inadequate or they would not contain factors which may be made 
up of several unevaluated variables. 

While the separation of a solid phase is not regulated generally 
and uniformly by its solubility and the supersaturation prevail- 
ing, it should be emphasized that certain statements of von 
Weimarn have quite general validity. Thus, when the reacting 
solutes are very dilute, the resulting solid precipitates in a 
definitely crystalline form. At low concentrations, the velocity 
of formation of nuclei is small and the few nuclei which do form 
grow so slowly at the cost of the solid present in weakly super- 
saturated solution, that large crystals result. Conversely, 
when the reacting solutions are very concentrated, jellies are 
formed consisting of drops of the liquid surrounded by the solid. 
The rate of formation of nuclei is extremely high at the high 
concentration, so that at any point where the two liquids touch 
there is formed immediately a feltwork of nuclei which do not 
have time to crystallize further and so yield a solid film, probably 
of amorphous character. Subsequently, the nuclei grow into 
crystals as the interacting substances diffuse through the film.’ 

Although, as von Weimarn points out, substances precipitated 
from solution pass through the colloidal state at some stage of 
the process, the problem of colloid synthesis is to create condi- 
tions such that this state is maintained for an indefinite period. 
The only thing the von Weimarn theory tells us is that negligibly 
small solubility and high dilution favor sol formation. The 
methods actually employed involve precipitation as finely divided 
particles and suitable strong adsorption, including protective 
colloids, or keeping the concentration of agglomerating agents 
low by choice of reaction or by dilution* The most typical 
condensation reaction for the preparation of colloidal metals is 
reduction, for the preparation of colloidal hydrous oxides is 


1 Bancorort: J. Phys. Chem., 30, 1194 (1926); Colloid Symposium Mono- 
graph, 4, 29 (1926). 

> Cf. Freunpuicu: “ Kapillarchemie,’’ 631 (1922). 

3 Cf. BAncrort: J. Phys. Chem., 18, 556 (1914). 
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hydrolysis, and for the preparation of colloidal salts is metathesis. 
We shall list only the general methods of forming colloidal salts, 
together with some specific illustrations. 

Metathesis in Which the Second Product is a Non-electrolyte. 
The stability of a sol formed by metathesis depends to a great 
extent on the second product of the reaction. If the reaction is 
chosen so that the second product is a non-electrolyte, the condi- 
tions will be favorable to sol formation. The classic example 
under this heading is the action of hydrogen sulfide on a solution 
of arsenic trioxide: As.O3; + 3H.S = As.S3 + 3H2O0.! The elec- 
trolyte concentration is quite low throughout the process and the 
salt remains dispersed as negatively charged particles stabilized 
by preferential adsorption of HS’ ion. This sol can be made as 
concentrated as 3 grams As2S; per 5 grams of water.” Similarly, 
the reaction between mercuric cyanide and hydrogen sulfide 
yields mercury sulfide which remains colloidal because of the 
small precipitating action of the slightly ionized prussie acid.$ 
Copper glycine treated in a similar way yields a copper sulfide sol. 

Metathesis in Which the Second Product is an Electrolyte.— 
When an electrolyte is the second product of the decomposition, 
a stable sol will be obtained only in case the dilution is low or the 
electrolyte formed contains a strongly adsorbed ion. Thus, 
sols of the metallic sulfides are obtained by the interaction of very 
dilute solutions of the respective chlorides and hydrogen sulfide.‘ 
Antimony trisulfide® sol formed by the action of hydrogen sulfide on 
potassium antimony tartrate is stable even in fairly concentrated 
solution, owing to the presence of the strongly adsorbed tartrate 
ion, Lottermoser® found that at sufficiently low concentrations, 
colloidal silver halides result from the interaction of silver nitrate 
and alkali halide, provided one or other of the reagents is in slight 
excess. With the silver salt in excess, the particles are positively 
charged by reason of preferential adsorption of silver ion; and 
with the halide in excess, the particles are negatively charged 
because of preferential adsorption of halide ion. Barium sulfate 


' Berzevius: “Lehrbuch der Chemie,” 3rd ed. (1834). 

*Scuuuze: J. prakt. Chem., [2], 25, 481 (1882). 

§’ LoTTERMOSER: J. prakt. Chem., [2] 75, 298 (1907). 

4 WinssinaerR: Bull. soc. chim., [2] 49, 452 (1888). 

5 Scnuuzy: J. prakt. Chem., [2] 27, 320 (1888). 

6 J. prakt. Chem., [2] 68, 341 (1903); 72, 35 (1905); 73, 374 (1906). 
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precipitated from aqueous alcohol comes down as a gel which 
forms a clear sol on shaking with a larger quantity of water.! 
Strong adsorption of the alcohol doubtless helps to prevent 
coalescence or growth of the colloidal particles, since a jelly 
formed from aqueous solution does not form a stable sol on shak- 
ing with water. 

Metathesis in the Presence of Strongly Adsorbed Substances. 
The precipitation of salts is frequently prevented from going 
beyond the colloidal stage in the presence of strongly adsorbed 
substances, such as the so-called protective colloids and sugar 
or glycerin. Thus, stable sols of the silver halides and Prussian 
blue are obtained by precipitation in the presence of gelatin.” 
Silver sulfide and cadmium sulfide are stabilized by gum arabic 
or casein.* Silver chromate remains colloidal in the presence 
of an excess of sugar* and most salts can be kept in colloidal 
solution by sodium protalbinate and lysalbinate, salts of some- 
what hypothetical acids obtained by saponification of albumin.° 
Sodium chloride formed by the interaction of sodium malonic ester 
and chloracetic ester in dry benzene is stabilized in the sol condi- 
tion by strong adsorption of one or more of the organic reagents.® 

Replacement of Solvent.—In this general method, which is of 
limited application in the preparation of colloidal salts, the 
solvent is replaced by a liquid in which the solute is insoluble and 
thus appears as a dispersed phase. Thus, if silver iodide is dis- 
solved in potassium iodide and the solution poured into a large 
volume of water, a silver iodide sol results. The sol owes its 
stability to preferential adsorption of iodide ion. 

Oxidation.—It is possible to prepare sols of certain colloidal 
salts by oxidation of colloidal solutions of the metals. Thus. 
colloidal silver halides are obtained by the action of chlorine, 
bromine, and iodine on a sol of metallic silver.” 

1Kato: Mem. Coll. Sci., Kyoto Imp. Univ., 2, 187 (1909). 

2Lopry DE Bruyn: Rec. trav. chim., 19, 236 (1900). 

3 Mituer and ArRTMANN: Oéesterr. Chem. Ztg., T, 149 (1904). 

4 Lopry DE Bruyn: Ber., 36, 3079 (1902). 

5 Paau: Ber., 39, 1486 (1906); Paau and Kin: Ibid., 39, 2859, 2863 
(1906); 41, 51, 58 (1908). 

6 MiIcHAEL: Ber., 38, 3217 (1905). 

7 LorreRMoseR and Meyur: J. prakt. Chem., [2] 56, 247 (1897); 57, 543 
(1898). 
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DISPERSION MrtrHODS 


Dispersion methods of preparing colloidal solutions involve 
the washing out of precipitating agents, the addition of peptiz- 
ing agents, and disintegration by electrical or other means. 
Each of these general methods has been employed in the forma- 
tion of colloidal salts. 

Washing Out of Precipitating Agent—When a precipitate 
consists of finely divided primary colloidal particles that have 
agglomerated into aggregates sufficiently large to settle, it may be 
repeptized by washing out the electrolyte that is responsible for 
the agglomeration. This method is particularly successful in the 
formation of colloidal hydrous oxides and it is applicable to the 
preparation of certain colloidal salts. Thus zine sulfide thrown 
down from chloride solution by ammonia is peptized in part by 
washing out the ammonium salt.t Colloidal copper ferro- 
cyanide precipitated from alkali ferrocyanide solution with 
excess copper salt is peptized if the copper salt is removed by 
washing.” Silver halides thrown down rapidly and washed at 
once by decantation are peptized in part. For the method 
to be successful, it is essential that the primary particles of the 
precipitate should be of colloidal dimensions and that they should 
not grow by a process of recrystallization by solution of the 
smaller grains and growth of larger ones at their expense (Ost- 
wald ripening). 

Addition of Peptizing Agent.—If the primary particles have 
grown to such an extent that the coagulation is irreversible by 
washing out the precipitating agent, the desired results may be 
obtained by the addition of a suitable peptizing agent. Thus, 
Prussian blue gel is peptized by oxalic acid and freshly pre- 
cipitated metallic sulfides are peptized by hydrogen sulfide. 
Carbon dioxide passed into a solution of barium oxide in methyl 
aleohol gives a thick gel of barium carbonate. On the addi- 
tion of more gas the gel is peptized, forming an opalescent sol.? 

Electrical Disintegration.—The formation of sols by means of 
an electric are under water or organic liquids is applicable chiefly 

1Donnint: J. Chem. Soc., 66 (2), 818 (1894). 

* BERKELEY and Hartiny: Phil. Trans., 206A, 486 (1906). 


®’ NruBeERG and NEIMANN: Biochem. Z., 1, 166 (1906); NruBera and 
RewaLp: Kolloid-Z., 2,321 (1908). 
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to the preparation of metallic sols, but the method may be used 
also in preparing certain colloidal salts which conduct the current 
fairly well. Thus, von Hahn! obtained stable sols of galena, 
molybdenite, and antimonite? by cathodic disintegration with the 
direct-current arc.* The dispersion of molybdenite takes place 
only when the temperature exceeds 53° more or less, the critical 
temperature being slightly different with different minerals. 
This is the first case recorded of a critical temperature in elec- 
trical synthesis of sols. The oscillatory discharge‘ gives sols 
with antimonite, sphalerite, chalcocite, and molybdenite, while 
only coarsely dispersed systems are obtained with iron pyrites 
and molybdenite. 

The general methods of formation of the colloidal salts having 
been outlined, attention will be directed toward a detailed con- 
sideration of the colloid chemistry of this class of inorganic 
substances. It seems advisable to begin with the colloidal 
sulfides, since the readily prepared sol of arsenic trisulfide has 
been used more often than any other colloidal salt in the investi- 
gation of colloid chemical phenomena. 


1 Kolloid-Z. (Zsigmondy Festschrift) 36, 277 (1925). 

2 Cf. Currie: J. Phys. Chem., 30, 205 (1926). 

3 Brepic: Z. Elektrochem., 4, 514 (1898); Brepia and BrrRNneck: Z. 
physik. Chem., 31, 258 (1899). 

4SvepBerG: Ber., 38, 3616 (1905); 39, 1705 (1906); Kolloid-Z., 2, Sup- 
plement 2 (1908). 


I 
COLLOIDAL SULFIDES 


CHAPTER II 
COLLOIDAL ARSENIC TRISULFIDE 


Arsenic trisulfide is precipitated as a citron-yellow gel by 
passing hydrogen sulfide into a solution of arsenic trioxide 
acidified with hydrochloric acid. Spring! claims to get a hydrate, 
As2S; -6H.O, on drying the gel at room temperature in a current 
of air having a relative humidity of 70 per cent. The specified 
volume of the alleged hydrate is greater than that of the sum of 
the constituents; hence water is removed by applying pressure. 
It is unlikely that the product is other than amorphous arsenic 
trisulfide with adsorbed water, the composition of which can be 
varied continuously by changing the conditions of drying. 
X-radiograms of the freshly precipitated and of the aged sulfide 
show no interference rings, indicating the absence of a definite 
crystalline structure.? The colloidal character of the precipitated 
sulfide is further evidenced by the fact that the freshly formed gel 
is decomposed appreciably by water, giving hydrogen sulfide 
and arsenious acid, whereas the sulfide previously heated to 125° 
is more stable.* When carried out carefully, the estimation of 
arsenic as arsenic trisulfide can be done with quantitative 
accuracy but Schmidt? claims that the precipitate contains 
small amounts of both As(SH); and As,QO3;, the respective errors 
being in the opposite direction and so equalizing each other. 

The gel of arsenic trisulfide is distinctly yellow, but it usually 
assumes a redder color on drying. What has been termed a red 
allotropic modification’ is said to form by freezing or evaporating 


1Z. anorg. Chem., 10, 185 (1895). 

2 Haper: Ber., 65B, 1717 (1922). 

3 CLERMONT and FROoMMEL: Compt. rend., 87, 330 (1879); CHopouNsKyY: 
Chem. Zentr., I, 569 (1889); cf. Cross and Hiaartn: Ber., 16, 1195 (1883). 

4 Putter: J. Chem. Soc., 24, 586 (1871); FrrepHem and MicHag.is: Z. 
anal. Chem., 34, 505 (1895). 

5 Arch. Pharm., 255, 45 (1917); Chem. Abstr., 11, 3005 (1917). 

6 WINTER: Z, anorg. Chem., 48, 228 (1905). 
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the sol and by precipitating the sol with a salt or acid followed by 
drying.! Durham? failed to obtain a red sulfide by any of these 
methods. A pure sol precipitates on freezing, giving a yellow 
gel. Drying the precipitate obtained from a sol by evaporation 
or by adding an alkali salt, gives an orange color. The sulfide 
formed by precipitating the sol with barium chloride possesses 
a brick-red color which Semler? attributes to contamination by 
barium thioarsenite. Bhatnagar and Rao‘ claim that the red 
color is due to the presence of some disulfide formed in accord 
with the reaction, AseS3 +H2O — AseS2- HS + O. 

Bikerman® obtained a red precipitate by prolonged boiling of 
a yellow arsenic trisulfide organosol in nitrobenzene. Merely 
heating the sol above 100° changed it to red, the yellow color 
returning at a lower temperature with no definite point of trans- 
formation. It is obvious that in a non-aqueous medium, AsoSe 
could not be formed in accord with the scheme of Bhatnagar and 
Rao nor could a red thioarsenite form in the absence of both 
metal and hydrogen ion. It seems quite probable that the 
change in color from yellow through orange to red is due, for the 
most part, to agglomeration of particles into denser aggregates, 
rather than to allotropy or to the presence of some impurity, 
although the latter may modify the color under certain 
circumstances. 


PREPARATION AND GENERAL PROPERTIES OF ARSENIC TRISULFIDE 
SOL 


Preparation.— Almost a century ago Berzelius' called attention 
to the formation of a yellow solution when hydrogen sulfide is 
passed into a pure aqueous solution of arsenious acid. Since 
arsenic trisulfide precipitated out slowly, Berzelius suggested 
that the apparent solution was probably a suspension of trans- 
parent particles. The colloidal nature of the yellow liquid was 

1 Gmeuin-Kraur: ‘‘Handbuch anorg. Chem.,” 7th ed., 8, 219. 

2 Unpublished results. 

3 Kolloid-Z., 34, 209 (1924). 

4 Kolloid-Z., 38, 159 (1928). 

5 Z. physik. Chem., 115, 261 (1925). 


6“Lehrbuch der Chemie,” 8rd ed., 3, 65 (1834); cf. GranaM-OTro: 
“Lehrbuch der Chemie,” 2, 863 (1840). 
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first definitely recognized by Schulze! who prepared stable sols 
of widely varying concentrations by passing hydrogen sulfide 
into arsenious acid solution and removing the excess hydrogen 
sulfide by boiling or by washing with hydrogen. The limiting 
concentration of sol obtained in this way is not determined by the 
solubility of arsenic trioxide in water. Thus Schulze prepared a 
sol containing 37.5 per cent AsoS; by adding small amounts of 
arsenic trioxide intermittently to a sol into which hydrogen 
sulfide was bubbled continuously. Picton? prepared a sol con- 
taining 5 grams of As2S; per liter by dissolving arsenic trioxide in 
a solution of potassium acid tartrate or of sodium hydroxide 
before adding hydrogen sulfide and then purifying by dialysis. 

As would be expected, the sols prepared under different con- 
ditions contain particles of widely varying sizes.2 In a quantita- 
tive study of the effect of conditions of sol formation on particle 
size, Boutaric and Vuillaume* found the particle size to be 
larger the greater the concentration of arsenic trioxide, the higher 
the temperature, the slower the current of hydrogen sulfide, and 
the larger the excess of hydrogen sulfide. Most of the modifica- 
tions in Schulze’s procedure have been made with the end in view 
of obtaining stable sols containing particles of uniform size. 
Better results are obtained by allowing a dilute solution of 
arsenic trioxide to drop at a slow uniform rate into hydrogen 
sulfide water through which the gas is bubbled continuously.® 
The most satisfactory procedure has been worked out by Freund- 
lich and Nathansohn:® 50 to 100 cubic centimeters of a cold 
saturated solution of arsenious acid are diluted to 200 cubic centi- 
meters and mixed with 100 cubic centimeters of a solution con- 
taining 1 cubic centimeter of a saturated solution of hydrogen 
sulfide. After a light-yellow coloration appears, the mixture is 
diluted to 1 liter with a hydrogen sulfide solution ten times as 
strong as the above. Finally, the solution is saturated with the 

1 J. prakt. Chem., [2] 25, 431 (1882). 

2 J. Chem. Soc., 61, 137 (1892.) 

3 Picton: J. Chem. Soc., 61, 140 (1892); LinpeR and Picron: 67, 63 
(1895); Brurz: Nachr. kénigl. Ges. Wiss. Gottingen, 2, 1 (1906). 

4 Compt. rend., 178, 938 (1924). 

5 LinpER and Picron: J. Chem. Soc., 67, 63 (1895); Kruytr and VAN DER 
Spex: Kolloid-Z., 25, 1 (1919). 

6 Kolloid-Z., 28, 258 (1921). 
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gas, the excess being washed out with hydrogen. The sol gives 
a faint light cone in the ultramicroscope but there are no ultra- 
microns. The success of this method of preparing the sol is 
probably due to the fact that high concentrations of the reacting 
solutions are avoided and the saturation with hydrogen sulfide is 
delayed until there is present a large number of arsenic tri- 
sulfide nuclei. 

On account of the very low solubility of arsenic trisulfide 
(2.1 X 10-® mols per liter)! the transformation to the sol state 
is quantitative in the presence of a slight excess of hydrogen 
sulfide.2 Since the salt hydrolyzes to a certain extent, washing 
the sol with hydrogen for too long a time results in some decom- 
position, hydrogen sulfide being carried off and a corresponding 
amount of arsenious acid remaining in solution. 

On mixing 5 cubic centimeters of N/10 H;AsO; with 5 to 10 
cubic centimeters of V/100 H2S in 300 cubic centimeters of pure 
water, there results a clear solution which turns yellow suddenly 
after a few seconds. If diluted still more, the solution will 
remain colorless in the dark for several days, although a trace of 
dilute acids causes it to turn yellow immediately. Since the 
removal of hydrogen sulfide from the colorless solution with a 
stream of hydrogen takes place very slowly, Vorlander and 
Haberle* conclude that hydrogen sulfide and arsenious acid react 
in very dilute solution forming an instable molecular compound 
which is hydrolyzed to a certain extent into the original sub- 
stances. Semler* suggests that this compound may be thio- 
arsenious acid. Peskov® makes the more probable assumption 
that the colorless solution contains ordinary arsenic trisulfide, 
the absence of color being due to two factors: the extremely small 
magnitude of the primary particles and, more especially, the 
complete individuality of the particles. Agglomeration of the 
fine particles into larger secondary aggregates which appear 
yellow is prevented in the colorless solution owing to the protect- 
ing effect of a relatively large excess of arsenious acid. 

1 WeicEL: Z. physik. Chem., 58, 293 (1907). 

* Kiister and DauMeErR: Z. anorg. Chem., 38, 105 (1902); 34, 410 (1903). 

3 Ber., 46, 1612 (1918). 

4 Kolloid-Z., 34, 213 (1924). 


' J. Russ. Phys. Chem. Soc., 46, 1619 (1914); J. Chem. Soc., 108 (2), 429 
(1915). 
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Color.—The color of arsenic trisulfide sol varies from red- 
orange to citron-yellow, depending on the size of the particles 
and the concentration. A sol with very small particles appears 
more orange than one of the same concentration containing large 
particles. A concentrated sol always appears yellower than a 
dilute one, probably because the former is likely to contain 
larger aggregates. Because of the marked opalescence and 
coloring power of the colloidal particles, one part of As2S; in 
100,000 parts of water can be detected in thin layers. 

Boutaric and Vuillaume! studied the absorption spectrum of a 
sol by means of the Féry spectrophotometer. Designating the 
intensity of the incident radiation by J, and the intensity of 
the radiation after traversing the absorbing medium by J, then 


if the sol behaves as a turbid medium, log should vary inversely 
as the fourth power of \ in accord with Rayleigh’s law, where 
the suspended particles are small compared with \; and log 7 


should vary inversely as some power n of ) for larger particles, 
n being less than 4 and correspondingly less as the particles are 
greater. The absorption curve of a sol containing 6.2 grams 
As2S; per liter did not follow either of these laws but showed a 
regular increase in n from n = 33 for } = 6400 to n = 12 for 
= 5300 with n = 4 at about \ = 6200. The absorption thus 
appears to be the resultant of two phenomena: an absorption by 
diffusion obeying Rayleigh’s law, and a selective absorption 
caused by the reflection of incident rays from the surface of the 
particles. The latter absorption should vary with the extent of 
total surface, diminishing for a constant weight of the sulfide as 
the size of the particles is increased. In accord with this view, 
it was found that prolonged boiling, which increases the particle 
size, decreases the selective absorption. 

Density and Viscosity.—The density of arsenic trisulfide sols 
varies linearly with the concentration? up to about 9 per cent, 
above which it increases more rapidly.* For concentrations up 
to 3.6 per cent the index of refraction is also a linear function of 

1 Compt. rend., 177, 259 (1923). 

2 LinpEerR and Picton: J. Chem. Soc., 67, 71 (1895); WintaEn: Kolloid- 
chem. Bethefte, 7, 266 (1915). 

§ Bouraric and Simonet: Bull. acad. roy. méd. Belg., [5] 10, 150 (1924), 
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the coneentration. The refractive index is apparently independ- 
ent of the degree of dispersion.! 

The density of the colloidal particles of arsenic trisulfide has 
been estimated by Dumanski? by applying Einstein’s* formula 
for the viscosity of suspensions of rigid spheres, 

n = n(1 + kf) (1) 
where n is the viscosity of the sol, m. the viscosity of the pure 
liquid, f the volume of the suspended particles and *& a constant 
which Einstein at first took to be unity but which he later made 
equal to 2.5. From viscosity measurements, f can be deter- 
mined and if the concentration of the suspended particles c is 
known, d the density of the particles follows from the expression, 


Cc 
er (2) 


Since the particles adsorb water, the value of c cannot be deter- 
mined analytically. This is gotten indirectly from the density 
of the sol d,, the density of the medium d,, and f. Thus 


d, = d, +e — de (3) 
but since 
c 
ad S; (2) 
oS ds = dy + fay 


Taking the value of k in Einstein’s equation as unity, Dum- 
anski finds the density of the particle of colloidal As.S; to be 
1.50 + 0.02. Later he makes k = 2.5 and so concludes that f, 
from Eq. (2), is 2.5 times larger than it should be, and so caleu- 
lates d to be 3.75 + 10. Dumanski seems to have completely 
overlooked the fact that if f is 2.5 times larger than it should 
be in his original equation, this will change the calculated value 
of c also. Had he calculated d from Eqs. (1) (k = 2.5), (2), and 
(3), as he says he does, the value of d would come out to be 1.90. 
This value would appear to be much nearer correct than 3.75, 
since the particles with their adsorbed water must be less dense 

1 Lirscuirz and Beck: Kolloid-Z., 26, 10 (1920). 

* Kolloid-Z., 12, 6 (1918); 18, 222 (1913); 9, 262 (1911). 


’ Ann. Physik, [4] 19, 289 (1906); 34, 591 (1911); Kolloid-Z., 27, 137 
(1920). 


COLLOIDAL ARSENIC TRISULFIDE 23 


than the crystalline mass of AsoS3 whose density is 3.45. There 
is, however, no reason to believe that density determinations 
involving the use of Einstein’s equation are any more than first 
approximations, at best. As already mentioned, Einstein 
at first made k = 1 and later changed it to 2.5; Bancelin! found 
k to be 2.9 for a suspension of gamboge, and Hatschek? used 
k = 4.5. According to these formulas, the viscosity is independ- 
ent of the degree of dispersion, which is not the case. Thus 
Odén* found the viscosity of sulfur sols in which the particles 
have a diameter of 10uu to be 50 per cent greater than with sols 
in which the sulfur particles have a diameter of 100uy. Hat- 
schek‘ attributes this to the presence of an adsorbed layer of 
water on the particles which increases the effective volume of 
the smaller particles much more than the larger ones. Boutaric® 
finds the value of k to vary continuously with dilution approach- 
ing 2.5 as the dilution approaches infinity. 

From the density of the sol and water, together with the 
concentration determined analytically, Dumanski calculates the 
density of the As.S; in the particles from Eq. (8) above, to be 
3.11.6 By a similar procedure Burton and Currie’ find the 
density of AseS; in the colloidal state to be the same as the 
density in mass. 

Chemical Action.—Ozone acts on arsenic trisulfide sol giving 
arsenic acid.® Stannous chloride reduces it to AseSe which is 
similar in color to Sb.S;; hence in qualitative analysis arsenic is 
sometimes mistaken for antimony in the presence of tin.® Pes- 
kov"® studied the velocity of solution of colloidal arsenic trisulfide 
in sodium hydroxide or sodium carbonate and found the 
process to be subject to the lyotropic influence of the cations 
of neutral salts in the order: NH, < Li < Na < K < Rb < Cs. 

1 Compt. rend., 162, 1382 (1911). 

2 Kolloid-Z., 7, 301 (1910). 

3 Z. physik. Chem., 80, 709 (1912). 

4 Kolloid-Z., 11, 280 (1912). 

5 Bouraric and VuituAuME: J. chim. phys., 21, 247 (1924); Bouraric 
and Srmonet: Bull. acad. roy. méd. Belg., [5| 10, 150 (1924). 

6 Cf. WintacEN: Kolloidchem. Beihefte, 7, 251 (1915). 

7 Trans. Roy. Soc. Can., 16, III, 109 (1922). 

5 RIESENFELD and Haase: Z. anorg. Chem., 147, 188 (1925). 

9 EHRENFELD: Ber., 40, 3962 (1907). 

10 Kolloid-Z., 32, 163, 238 (1923). 
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The velocity of solution does not take place either as a purely 
heterogeneous or molecular process but appears to be a hetero- 
geneous process modified by the large surface of the small par- 
ticles and by Brownian movement. 

If arsenic trisulfide sol is taken into the body in any way, it is 
precipitated in a granular form.! Injected intramuscularly or 
subcutaneously it appears in the tissues as minute granular 
particles. On intravenous injection, there is rapid coagulation 
which may result in small emboli in the capillaries, especially 
of the lungs. The sulfide produces a more marked pharma- 
cological effect on the smallest lung capillaries and alveoli than 
any other organic or inorganic compound. Meneghetti suggests 
that for this reason non-lethal doses may have a therapeutic 
value in some diseases of the lungs. Traces of arsenic trisulfide 
sol have been found to increase liver autolysis but higher con- 
centrations inhibit the process.” 

Composition.—Linder and Picton® are of the opinion that the 
colloidal sulfides are polymerized hydrosulfides such as 16A8.83 -- 
H.S, while Duclaux? proposes the formula (nAs.S;- xH2S) as 
a basis for explaining coagulation by electrolytes as a purely 
chemical process. From the hydrogen ion content of an arsenic 
trisulfide sol, determined from its electrical conductivity and by 
electrometric titration with barium hydroxide, Pauli and Semler® 
regard the sol as a quite strongly dissociated complex acid having 
the formula [xAsoS; - AseSyH. - AsoSyH]/ + H. From similar 
measurements, Rabinovich® arrives at the simpler formula 
(As2S;),HS’ + H. Since the acidity of the filtrate after pre- 
cipitation with BaCl, is greater than the sol, it is assumed that 
all the hydrogen is displaced by barium, giving an insoluble 
barium salt of the complex acid. As a matter of fact, every one 
knows that the composition of the sol varies with the method of 


1 Meneauertri: Biochem. Z., 121, 1 (1921); Foa and Aacazzorri: Ibid., 
19, 1 (1909). 

2 Ascout and Izar: Biochem. Z., 6, 192 (1907). 

3 J. Chem. Soc., 61, 114 (1892). 

4 “Tes Colloides,” Paris (1920). 

5 Kolloid-Z., 34, 145 (1924); cf. BHatnacar and Rao: /bid., 33, 159 
(1923); Ducnaux: J. chim. phys., 6, 592 (1908). 

°Z. physik, Chem., 116, 97 (1925); J. Russ. Phys. Chem. Soc., 58, 848 
(1926). 
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preparation, the excess peptizing electrolyte, and the age; and it 
is not obvious what is gained by attempting to assign a formula 
to a mixture of variable composition.! Formed in the presence 
of hydrogen sulfide, the colloidal particles adsorb H2S, H ions, 
and HS’ ions in amount depending upon the physical character 
of the particles and the concentration of electrolyte. Now it is 
well known that a substance shows a strong tendency to adsorb 
closely related ions. In this case the adsorption of HS’ is 
greater than that of H’ which gives the particlesa negative charge. 
The excess of H’ ions in the intermicellar liquid is a measure of 
the excess of adsorbed HS’ which gives the particles a charge. 
On the addition of BaCl, the strongly adsorbed Ba” ion not only 
neutralizes the excess HS’ adsorption but displaces (exchange 
adsorption) the less strongly adsorbed H’ ion which goes into the 
filtrate, rendering the latter more acid than the intermicellar 
liquid. It should be pointed out that precipitated, dried, and 
powdered arsenic trisulfide adsorbs OH’ ion more strongly than 
H’ ion so that an acid solution is obtained by shaking a neutral 
salt with the powder.’ 

Action of Light.—Although an arsenic trisulfide sol is quite 
stable when first prepared, the stability decreases on standing, 
especially in the light. Thus Freundlich’ observed a decrease in 
concentration of approximately 15 per cent when a sol was 
allowed to stand for a year in a closed vessel. Dumanski! 
placed a sol containing 65 grams per liter in a vessel 1 meter 
long and 2 centimeters in diameter, and observed the rate of fall 
of the particles. The velocity was approximately 0.031 centi- 
meter per day over a period of 4 years. Since care was not 
taken to exclude light during the period of observation, it is 
probable that the settling was due indirectly to the agglomerat- 
ing effect of light which resulted in the formation of particles 
sufficiently large to overbalance the effect of Brownian 
movement. 


1 Weiser: ‘The Hydrous Oxides,’ 52 (1926); cf. Kpoaczewskx1: Alex- 
ander’s ‘‘Colloid Chemistry,” 547 (1926). 

2 FREUNDLICH: Z. physik. Chem., 73, 396 (1910). 

2 Z. physik. Chem., 44, 129 (1903). 

4 Kolloid-Z., 36, 98 (1925). 
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The destabilizing action of light on arsenic trisulfide sol was 
first observed by Young and Pingree.! Freundlich and Nathan- 
sohn? attribute this to the photochemical oxidation of the 
hydrolysis product—hydrogen sulfide—to colloidal sulfur and 
pentathionic acid, accompanied by a reaction between the 
hydrogen sulfide and pentathionic acid which serve as the 
stabilizing electrolytes for arsenic trisulfide and sulfur, respec- 
tively. Removal of the stabilizing electrolytes in this way 
produces a decrease in the charge on the particles and the con- 
sequent precipitation. The electrical conductivity increases to a 
constant value on exposure to light, the rate of change increasing 
somewhat with diminishing concentration of sol. Murphy and 
Mathews? attribute this to the building up of a concentration of 
the thionic acid sufficient to serve as the stabilizing electrolyte 
for the colloidal sulfur, the reaction between H.S and thionie acid 
then proceeding at such a slow rate that equilibrium between the 
several components of the system is maintained and further 
change in the conductance is prevented. The rate of change of 
conductivity increases somewhat with diminishing concentration 
of electrolyte, probably owing to the increased photochemical 
activity of the sol per unit mass of arsenic trisulfide brought 
about by the greater dispersity of the more dilute sol. 


ACTION OF ELECTROLYTES ON ARSENIC TRISULFIDE SOL 


The Critical Coagulation Potential—When electrolytes are 
added to a sol stabilized by the preferential adsorption of anions, 
precipitation takes place when there is sufficient cation adsorp- 
tion to neutralize the combined adsorption of the original stabil- 
izing ion and that added with the electrolyte in question. 
Actually the isoelectric point, the point of complete neutrality, 
need not be reached for Powis® showed that reduction of the 
charge below a certain critical value will cause agglomeration. 
In Table III is given the potential difference at the surface of 

1J. Phys. Chem., 17, 657 (1918); cf., also, Bourartc and MaAnrmrp: 
Bull. acad. roy. méd. Belg. [5] 10, 571 (1924). 

2 Kolloid-Z., 28, 258 (1921). 

3FreuNDLICH and Scuoiz: Kolloidchem. Beihefte, 16, 234 (1922). 

4 J. Am. Chem. Soc., 45, 16 (1928). 

6 Harpy: Proc. Roy. Soc. (London) 66, 110 (1900). 

6 J. Chem. Soc., 109, 734 (1916). 
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arsenic trisulfide particles when sufficient amounts of several 
electrolytes are added to cause fairly rapid’‘agglomeration. The 
potential difference is the electrokinetic potential calculated from 
Freundlich’s! equation, 
. _ 4rnu 
ier): 
where w is the migration velocity of the particles? moving under 


Tassie II].—Crirican CoaGuLATION PoTENTIAL OF COLLOIDAL PARTI- 
CLES IN As2S3 SOL 


Concentration | Electrokinetic 
Electrolyte milliequiva- potential 
lents per liter millivolts 
SAS Reece Ca LIM le CAS Satrced been crag 40.0 44 
| BE Oa 0 ied 80) Berge dre aE are re ei eet 1.0 26 
[NUD pee ae deen OR PY, ARM ae se 0.15 25 
MLN Ogham th coon at fs atti omnjexat es panes 2 0.20 27 
TU DANO A) heer teeter eenge amie tie Rte me ties cs 0.28 26 
AN a) ar cone eh ek eh tn RS is RI 0.40 24 


a potential H in a medium with a viscosity 7 and a dielectric 
constant D. It is significant that the critical potential is similar 
for all multivalent ions. Since the critical value at which 
potassium chloride is effective is greater than for the other elec- 
trolytes, Powis concludes that there is a salting-out effect with 
the relatively high concentration of potassium salt which causes 
coagulation when the calculated potential is higher. Kruyt? 
has recently given a more probable explanation. Very careful 
measurements of the rate of cataphoresis w shows an increase on 
the addition of salts with univalent cations.4 This he attributes 
to change in the dielectric constant® of the medium, especially 
with higher concentration of electrolytes. Hence, the calculated 
value of ¢ for such electrolytes is higher than it should be. In 


1 “Kapillarchemie,” 331 (1922). 

2 Burton: Phil. Mag., [6] 11, 425 (1906). 

3 Kruyt, Roopyornts, and van ppR WruiiceNn: Colloid Symposium 
Monograph, 4, 304 (1926); Ivanirskasa and ProskurRNIN: Kolloid-Z., 39, 
15 (1926). 

4Cf., however, Frnunpuicu and Zen: Z. physik. Chem., 114, 65 (1924). 

5 WALDEN, Uuicu, and WERNER: Z. physik. Chem., 116, 261 (1925); 
Furtru: Physik. Z., 25, 676 (1924). 


28 ’ THE COLLOIDAL SALTS 


other words, the critical potential does not depend on a definite 
U 

u value but on the value of D 

Although Powis succeeded in reversing the charge on the col- 
loidal particles from negative to positive by means of thorium 
nitrate, he was unable to prepare a stable positive sol by the aid 
of this salt. Favorable conditions for reversal of charge on a 
sol would appear to be strong adsorption of the ion responsible for 
the reversal, very small particles, and a low coagulation velocity 
at the isoelectric point. The first condition is realized with 
thorium nitrate; but the last two conditions are not realized with 
a strong sol. Smoluchowski! showed the velocity of coagulation 
to decrease rapidly with diminishing concentration of particles 
which suggested that reversal could be realized with a very dilute 
sol. Freundlich and Buchler? succeeded in accomplishing this 
reversal with a sol containing 0.04 gram As; per liter. 

Velocity of Coagulation.—Smoluchowski* developed a theory 
for the mechanism and velocity of the coagulation process in a 
sol made up of spherical particles after reducing the charge below 
the critical value. Under these circumstances, it is assumed that 
a sphere of attraction exists around each particle such that any 
other particle entering this sphere will be held. The radius of 
the sphere of attraction must be greater than twice the radius of 
the single particle. ‘Two primary particles may become attached, 
whereupon the double particle can attract another primary par- 
ticle giving a triple particle, ete. Smoluchowski first calculated 
the decrease in the number of primary particles which are brought 
into the sphere of influence of particles at rest by means of the 
Brownian movement. This was then extended to include a 
large number of particles which are in molecular motion. In the 
same way he calculated the decrease in the number of double and 
triple particles, finding that their number increases at first since 
they are formed by the collision of primary particles. 

From such considerations, Smoluchowski arrived at the 
conclusion that the decrease in the total number of particles 


1Z. physik. Chem., 92, 129 (1917). 

* Kolloid-Z., 32, 305 (1923); Muxuprsen and Roy: J. Chem. Soc., 125, 
476 (1924). 

3Z. physik. Chem., 92, 129 (1917). 
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with the time takes place in accord with a reaction of the 
second order: 


where k is the velocity constant, R the radius of the sphere of 
attraction, D the diffusion coefficient, n, the total number of 
primary particles at the outset and 2n the total number of all 
kinds of particles after the time ¢. Solving for 2 

No 

1+ kent 

In a bimolecular reaction, T (the specific coagulation time) varies 
inversely as the concentration of particles at the start, 2.e., 7 = 


i. 
a hence, 
n= - 
1+, 
ty 
Since 
In = Mm + M2+ ~* * Mn 


where n; is the number of single particles, nz of double particles, 
etc., then 


No 
t= ere 
Ga) 
Es t 
Ne : a 
t \3 
Ca) 
or 
t\k-1 
(7) 
— 


: t : : 
If the relative times p are plotted against the relative number 


of particles a diagram (Fig. 1) is obtained which shows how 


the total number of particles Yn, the number of primary particles 
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No, etc. vary with the time. In accord with the equations, the 
total number of particles is reduced to one-half its value in the 
time 7’, while the number of primary particles is reduced to one- 
fourth in the same time; the curve for double particles has a 


els P 
maximum equal to 447n, at the time 5, ete. When the particles 


2 
1 
% 
dey, 
Ys 
EE ——eEE——eeeee 
bs 


Fie. 1.—Variation in the relative number of particles during coagulation of sol. 


are not discharged completely, only a portion of the collisions 
result in coalescence and we have what is called “‘slow”’ coagula- 
tion. Freundlich! assumes a constant force of attraction between 
particles for a given concentration of electrolyte below that 
required for rapid coagulation, but, because of repulsion, only 
those collisions are inelastic in which the particles collide with 
sufficient force. From this point of view, the greater the charge 
on the particles the greater must be the velocity of collision in 


‘ Kolloid-Z., 28, 163 (1918); cf. Kruyr and van ArxKREL: Ibid., 32, 29 
(1928). 
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order to overcome the repulsive effect and so to bring about 
coalescence and agglomeration. 

Mukherjee and Majumdar! followed the velocity of slow coagu- 
lation of arsenic trisulfide sol, using a spectrophotometer. 
Smoluchowski’s theory was found to apply only in the initial 
stages of the coagulation process, a limiting stage of coalescence 
being ultimately reached where the equations failed completely. 
This stage was reached more rapidly with lower concentrations, 
that is, the slower the coagulation rate. The results were 
explained by assuming, as Freundlich does, that the coaleseence 
is reversible or irreversible according to the magnitude of the 
¢-potential of the particles. At sufficiently low concentrations of 
electrolyte it is reversible, but is irreversible at higher concen- 
trations when the ¢-potential is small. The limiting stage results 
when there is an equilibrium between the rates of breaking up of . 
the aggregates and of coalescence. From similar experiments on 

arsenic trisulfide sol, using potassium chloride as precipitating 
~ electrolyte, Jablezynski? obtained results for slow coagulation in 
good agreement with Smoluchowski’s theory, provided the sol 
was not freed from hydrogen sulfide. Since Jablezynski fur- 
nishes the only examples of slow coagulation where the theory 
seems to hold, his observations should be confirmed. In this 
connection, it should be pointed out that Mukherjee eliminated 
the relation between intensity of light and size of particles in his 
observations, whereas Jablezynski introduced Lord Rayleigh’s* 
relation which Mie* has found to be inapplicable. 

Precipitation Values of Electrolytes.—Several methods have 
been employed from time to time for determining the relative 
precipitating power of electrolytes. Since the process is tran- 
sitory, it is necessary to compare the electrolyte concentrations 
which produce the same velocity of coagulation. The rate of 
coagulation has been followed by means of viscosity measure- 
ments on alumina sol,*® by colorimetric observations on gold sol® 

1 J. Chem. Soc., 125, 785 (1924). 

* Bull. soc. chim., 35, 1277 (1924). 

3 Phil. Mag., 41, 107, 274, 447 (1874). 

4 Ann. Physik, [4] 25, 377 (1908); Bouraric and VuILLAUME: Compt. 
rend., 177, 259 (1923); see p. 21. 


5 GANN: Kolloidchem. Beihefte, 8, 64 (1916). 
6 Hatscuek: Trans. Faraday Soc., 17, 499 (1921). 
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and Congo rubin sol,' and with a spectrophotometer on gold 
sol and arsenic trisulfide sol.2 For the most part, however, 
investigators compare the concentrations which just cause com- 
plete precipitation in a definite period of time, not less than 2 
hours. As Freundlich? has shown, these precipitation values 
have a definite meaning from the standpoint of coagulation since 
with certain concentrations there always exists a constant maxi- 
mum coagulation velocity, the velocity of so-called instantaneous 
coagulation’ and hence the coagulations are comparable when 
this velocity is attained. Some observations of Freundlich® 
on the precipitation of arsenic trisulfide sol are given in Table IV. 


TaBLE JV.—PRECIPITATION VALUES OF ELECTROLYTES FOR ARSENIC 
TRISULFIDE SOL 


Precipitation Precipitation 

Electrolyte re, mlb Electrolyte valve, ene 

equivalents equivalents 

per liter per liter 

KC cH: Os een oe 110.0 Morphine chloride... 0.425 
LACT tng 5 anna 58.4 New fuchsine....... 0.114 
NaCl.. 51.0 Migs otter ees tee 1.434 
KON Ose. racer re 50.0 MgSO, 1.620 
1 € Ol eRe sean ean Ate Cp eca 49.5 CaCl. 1.298 
TRS O canta ee tc cane 65.6 SHO Hotei ae ncn oe & 1.270 
NH,Cl 42.3 BaCl,y 1.382 
HCl ee aa 30.8 ZnCls ; 1.370 
TS Oita crete Maes SO). WOSUNOs) saan 1.284 
Guanadine nitrate... 16.4 PN RR A ee anne cece 0.279 
Strychnine nitrate... . 8.0 AUCNOS) seer rena 0.285 
Aniline chloride...... Doo GestS On) keh eee 0.276 


Kxcept for the univalent organic ions, the salts with ions of the 
same valence fall in fairly well-defined groups, the univalent ions 
precipitating in highest concentration and the trivalent ions in 

1Luurs: Kolloid-Z., 27, 123 (1920). 

* MuKHERJEE and Masumpar: J. Chem. Soc., 125, 785 (1924); Bouraric 
and VuILLAUME: Compt. rend., 172, 1293 (1921). 

3 Kolloid-Z., 28, 163 (1918). 

4SMoLucHowskK!: Z. physik. Chem., 92, 129 (1917). 

5Z. physik. Chem., 78, 385 (1910); ef., also, Scuttow: Ibid., 100, 425 
(1922); Bacu: J. chim. phys., 18, 46 (1920). 
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lowest concentration, in accord with the so-called Schulze law.! 
It should be emphasized, however, that ions of the same valence 
do not behave alike and that the behavior of the alkaloid and dye 
cations follows no rule as to valence. Although the exceptions 
to Schulze’s law are so numerous that it should be looked upon 
merely as a qualitative rule, Freundlich and Schucht? have 
used the principle with some success in confirming the valence 
of certain ions. Thus the results recorded in Table V indicate 
the trivalence of the rare earths and of indium. In a similar 
way, Galecki*® showed that beryllium behaved like a divalent 


TABLE V.—PRECIPITATION VALUES OF SOME LESS Common ELECTROLYTES 
FOR ARSENIC TRISULFIDE SOL 


Precipitation Votes 
Electrolytes a value, of 
milliequivalents : 
: cation 
per liter 

HEOM UTI TEMA LC) Mir |. cs ete acne enaia ore 1.08 2 
PEAT HHO COD ALIGSUITATOs cena: os cie /degorss ces crouse lO) 2 
Purpureo cobalt chloride:...-+2......:..-..- 1.10 2 
AMNoroaubeniboat s0LbG2) Ce% sieve Chcurt aah Gace eR pele Sire aa ea 0.225 3 
BYapUblUin CH LOTIGGsees sare kia acayS tose ota Pan 0.219 3 
STATELY eTUL UL UUs ctor tee Meet aah, Aur aete cheG, h 0225 3 
Neodymium ammonium nitrate ............ 0.240 3 
Praseodymium ammonium nitrate............ 0.237 3 
ALIEN CHL OTICE waar. tale a eneaerere aes aaa 0.249 3 
iB wie) ukanemce Mikerwtolse™ ates a8 cess cuba a ocr 0 Oe 0.276 3 
Eero lolihahietcal(cledternte (cre mae ey nan ee Ae ene eae 0.240 3 
Dysprosming chioridesc 4. -)...ee ape | wala 0.258 3 
PAPI CMI OTIC ete farses osha nadie iste eeune es 0.192 3 
[HALO NTULGA WARGO PM ec ee cEs neh one Ret ee ECM Rais on On 0.246 3 
ute cabaltichloridé.. os ..456 eee ee ele 0.246 3 
IOSEOLCODALE CHLGTICG sts ce cian Hemet re en dlle 0.360 3 


metal as we now know that it should. The similarity in pre- 
cipitating power of multivalent elements having the same charge 
is more striking in Table V than in Table IV, probably because 
the rare earth elements are quite similar and so are adsorbed 

1Scuuuze: J. prakt. Chem., [2] 25, 431; 27, 320 (1883). 

27Z. phystk. Chem., 80, 564 (1912). 

3 Z. Elektrochem., 14, 767 (1908). 
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to about the same extent. Burton and Bishop! report that 
ceric nitrate behaves like a salt with a trivalent cation and not 
like one with atetravalent cation. Since Ce(NOs;),s is said to be 
non-existent, it is probable that they were using the trivalent 
salt which is sometimes erroneously called ceric nitrate. It is 
interesting that the slow transformation of divalent purpureo 
cobalt chloride to the trivalent roseo salt can be followed by the 
gradual increase in precipitating power. 

From investigations on the coagulation of arsenic trisulfide sol 
by different amine salts, Freundlich and Birstein? found the 
precipitating power to increase regularly with the addition of 
CH, groups in accord with Traube’s rule which states that the 
capillary activity, that is, the lowering of the surface tension of 
water and the adsorption by solid adsorbents, increases regularly 
with the addition of CHe groups in an homologous series. This 
is illustrated by the data in Table VI. The addition of each 
successive pair of CH» groups causes a marked falling off in the 


TaBLE VI.—PRECIPITATION VALUES OF AMINES FOR ARSENIC TRISULFIDE 


Sou 
| Precipitation | Activity 
Electrolyte | Evel, iD factor 

; | milliequivalents a 
per liter Una 

UN ER gE CLs sachey creretsacre, Seeencaataer ke terete ere ar 35.00 
(Os apa kyr ak Glh an viene ton Sno ee Seas en | 18.20 1.9 
GALS I) INH Boul MOH Sais Me wom aia te oe etl ao oe 9.96 1.8 
(CoH aN ecELGL., mente h nics made rere 2.78 3.5 
(Cael gy GIN Carre ry aes ea conc cemeitae ei eee eat een ae | 0.89 3.2 


precipitation value of the salts. This decrease is, however, not 
directly proportional to the number of CH» groups as evidenced 
by the lack of constancy in the ratio recorded in the last column 
of the table. Similar observations were made on a hydrous 
ferric oxide sol with a series of sodium salts of the fatty acids. 
Moreover, the difficultly soluble sodium fumarate was found to 


1 J, Phys. Chem., 24, 701 (1920). 
* Kolloidchem. Bethefte, 22, 95 (1926). 
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have a much higher coagulating power than the more readily 
soluble isomeric sodium malonate. This is in accord with the 
usual view that the least soluble substance is the most capillary 
active, that is, the most strongly adsorbed. 

While it is generally assumed that one is justified in neglecting 
the effect of anions in the precipitation of a negative sol by 
electrolytes and of cations in the precipitation of a positive 
sol,! it is evident that this will be true only in case the adsorption 
of the ion having the same charge as the sol is negligible either 
because of its nature or the dilution. While the effect may be 
slight in certain cases, it is quite marked in others, as illustrated 
by the results recorded in Table VII. 


TasLe VII.—PRECIPITATION VALUES OF PoTassiuM SALTS FOR ARSENIC 
TRISULFIDE SOL 


Concentration of sol, 
PUAMISa PEL NCCT tro e| A eoyetecnate is ee gs 1.8 3.7 6.0 

Precipitation value of | KCl 49.5 85 33.2 
K.SO, 65.6 100 43.5 
KaFe(CN)s | ..... 185 71.2 
K2(C4H40¢) 240.0 270 

HIV EStIR ALON eras SM che serio ae koe Freundlich!| Ghosh and | Weiser and 

Dhar? Nicholas 


1Z. physik. Chem., 44, 129 (1903). 

2 Kolloid-Z., 36, 129 (1925). 

2 J. Phys. Chem., 25, 742 (1921). 

Mukherjee and Chaudhuri’ estimated the time required for 
the same concentration of various salts to make the sol so cloudy 
that a heated filament a definite distance away was just obscured. 
From the results obtained they conclude that the influence of 
anions is negligible except in the case of the so-called complex 
ions like benzoate, ferricyanide, and salicylate which exert a 
marked effect. Actually, their data show the precipitating power 
of iodate and nitrate to be less than that of chloride and bromide. 
Oxalate has admittedly a lower precipitating power than sulfate 


1FreuNpuIcH: Alexander’s ‘Colloid Chemistry,” 593 (1926). 
2 J. Chem. Soc., 125, 794 (1924). 
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which ean hardly be attributed to difference in complexity of the 
ions. It appears, therefore, that Mukherjee’s observations 
support rather than refute the contention that the effect of the 
anion can not be neglected, even though the procedure probably 
gives a less accurate measure of precipitating power than care- 
fully determined precipitation values. Following the same 
general method of procedure, Ostwald! demonstrated the effect of 


ae 


Trichloracetic 


2.0 


Bromacetic 


1.6 


“0 4 12 ~ 16 
Rate of Precipitation, Minutes 


Fic. 2.—Rate of precipitation of arsenic trisulfide sol by acids. 


anions by determining the rate of precipitation of arsenic trisul- 
fide sol by various acids. In Fig. 2, the pH of the precipitating 
electrolytes is plotted against the rate of precipitation. If the 
hydrogen ion concentration were the only factor, every acid 
should give the same curve. Since this is not the case, the 
anion must also be taken into account. 

In determining the precipitation values of sols, a uniform pro- 
cedure as regards stirring should be followed. Thus, if an 


1 Kolloid-Z., 40, 201 (1926). 
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arsenic trisulfide sol is shaken continuously, appreciable flocking 
will result in a given time with a concentration of electrolyte that 
will cause no flocking whatsoever without stirring.! It has been 
observed repeatedly? that the critical concentration of electrolytes 
does not cause agglomeration of the neutralized particles into a 
clump unless the mixture is shaken. What apparently happens is 
that the charge on the particles is reduced to the critical value 
but instead of agglomerating into a clump, the individual par- 
ticles with their film of adsorbed water coalesce to a loose jelly 
structure that is readily broken up by stirring. If a concentra- 
tion of electrolyte close to the critical value is used and the sol is 
allowed to stand quietly for a day or two, the surface of the 
precipitate as it settles appears to be a fairly strong, translucent, 
mobile film, strikingly similar in appearance to that of a copper 
ferrocyanide membrane. 

Adsorption during Precipitation of Sol.—Since precipitation 
takes place when the charge is reduced to a critical value by 
adsorption of ions of opposite charge, it follows that the 
necessary reduction in charge should be occasioned by adsorption 
of equivalent amounts of various ions provided the electrolytes 
have a common stabilizing ion. In support of this view, Whit- 
ney and Ober showed the precipitation of arsenic trisulfide by the 
chlorides of calcium, strontium, and barium to be accompanied 
by adsorption of similar amounts of the cations. These obser- 
vations have been extended by other investigators, as given in 
Table VIII. On the basis of such data, Freundlich assumes that 
equivalent amounts of various electrolytes are adsorbed at their 
precipitation concentration. While the maximum variation 
from equivalence does not exceed 20 per cent in the above obser- 
vations, the variation in adsorption of precipitating ions by the 
hydrous oxides of iron and aluminum is much higher.* A 
variation would be expected when we consider that two factors 
determine the amount adsorbed in a given case, (a) adsorption 
by the electrically charged particles during neutralization, and 


1 FREUNDLICH and Basu: Z. physik. Chem., 116, 204 (1925); FrEuNDLICH 
and Krocu: Jbid., 124, 155 (1926); Bourartc and VuILLAumME: Compt. 
rend., 174, 13851 (1922); cf. Wo. Ostwaup: Kolloid-Z., 41, 71 (1927). 

2 WeispR: Colloid Symposium Monograph, 4, 369 (1926). 

3 WeisER: ‘The Hydrous Oxides,” 123 (1926). 
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TasBLE VIIJ.—ApsORPTION OF CATIONS DURING THE PRECIPITATION OF 
ARSENIC TRISULFIDE SOL 


Concentra- | Adsorption, 
Metal tion of sol, | milliequiva- Oar 
grams per lent per 
liter gram. 

IBariumleeey ta tae eae 6.4 0.116 Weiser! 

MARTA 6 6 on oan eos 6.4 0.107 Weiser 

Calcium ee ae ware 6.4 0.093 Weiser 

[Baru eee ern LAS 0.060 Weiser 

SHENOMAMO | oo Coens a aE 11.8 0.056 Weiser 
(Calciumingneae one one 11.8 0.043 Weiser 
Bariliminaeeeiaes ieee ats 0.072 Weiser 

SST ODL es ier er eee 15 0.069 Weiser 

Gal cima eee 2S 0.073 Weiser 

EWING Dygocoooouseas 10.0 0.110 Whitney and Ober? 
SALOMMUTT wes Ou Gos wo Oe 10.0 0.082 Whitney and Ober 
Calciumiyereecn sae ee 10.0 0.100 Whitney and Ober 
AIING ke ee eS ae Sees 0.074 Freundlich’ 

Ne wetUGhsimenecie cruel aeons 0.076 Freundlich 

[TAU NETMIBLS ie Sen deed y 3.00 0.086 Linder and Picton‘ 
UIQ is Fer, Oats ee cane ene 4.14 0.088 Freundlich® 
CORTINA ean isc aerate 4.14 0.069 Freundlich 


1J, Phys. Chem., 29, 955 (1925). 
2J, Am. Chem. Soc., 28, 842 (1901). 


3 Kolloid-Z., 1, 321 (1907). 


4J. Chem. Soc., 67, 64 (1895). 


5 Z. physik. Chem., 73, 408 


(1910). 


(b) adsorption of the neutralized particles during agglomeration. 
The amounts of (a) will be equivalent but the amounts of (6) 
will vary with the nature and concentration of the electrolyte. 
For this reason, Freundlich’s assumption that equivalent amounts 
of various ions are adsorbed at their precipitation value can not 
be generally true since this would mean either that the neutralized 
particles do not act as an adsorbent or adsorb all ions to the same 


extent, both of which are improbable. 


Moreover, the varia- 
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bility in the precipitation value will necessarily result in variation 
in the degree of saturation of the adsorbent by the adsorbed 
‘phase. One should expect the adsorption values to approach 
equivalence more nearly the less the adsorption capacity of the 
precipitated particles. This doubtless accounts for the values 
being more nearly equivalent with arsenic trisulfide sol than with 
hydrous oxides having many times the adsorption capacity. 
Nevertheless, the author is inclined to believe that the variations 
with the former are real. Thus, barium seems to be adsorbed 
a bit more strongly than strontium in every case. The observa- 
tions with calcium are more erratic, probably because the esti- 
mation of very small amounts of this element as oxide are 
relatively less accurate than the determination of the other 
alkaline earths as sulfate. 

Neglecting the effect of the stabilizing ions of an electrolyte, 
the precipitating ion which is most readily adsorbed will precipi- 
tate in the lowest concentration. From this it follows that the 
greater precipitating power of ions of higher valence is due to 
their relatively greater adsorbability.! Moreover, among ions of 
the same valence, the most readily adsorbed will effect precipita- 
tion in the lowest concentration. Finally, the variation among 
electrolytes with the same precipitating ion and different stabil- 
izing ions is due to the difference in the adsorbability of the 
latter.” 

Let us consider an ideal case fulfilling the following require- 
ments:(1) the amounts of precipitating ions adsorbed are equiva- 
lent and depend only on the number of charges they carry, and 
(2) the effect of the stabilizing ion is a logarithmic function of its 
concentration, that is, follows the usual adsorption isotherm. 
Now if the amounts adsorbed in mols of the several ions which are 
proportional to the reciprocal of the valence are plotted against 
the precipitation concentration in milliequivalents per liter, a 
curve is obtained as shown in Fig. 3. 

As is well known, a much higher equivalent concentration of 
a univalent ion is required to get the necessary adsorption for 
neutralization than of a multivalent ion. It is unnecessary, of 

1P, 288. 

2 For the effect of solubility and hydration on adsorbability see pp. 187, 
217 and 255. 
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course, to assume, as Freundlich has done, that the equivalent 
amounts of the ions are adsorbed from equimolar solutions. The 
isotherm of Fig. 3 is the curve of equivalent adsorption necessary 
for decreasing the charge to the critical value and must not be 
confused with the total amount adsorbed on coagulation. 

One might expect to approach most nearly the ideal conditions 
referred to in the preceding paragraph by working with strongly 


Univalent 


Adsorption of Precipitating Ions, Mols 


Trivalent 
Divalent 


Tetravalent 


Concentration of Solution, Milliequivalents per Liter 


Fria. 3.—Adsorption isotherm for cations of various valences (diagrammatic). 


ionized salts having a common stabilizing ion and precipitating 
ions varying in valence but so similar chemically that the 
adsorption in mols will be proportional to the reciprocal of the 
valence. The common stabilizing ion will influence the adsorp- 
tion of the precipitating ion logarithmically in proportion to the 
concentration. Such conditions are actually realized approxi- 
mately in the precipitation of arsenic trisulfide sol by cobalt 
amines with cations varying in valence from 1 to 6. The pre- 
cipitation values for a series of such salts as observed by Matsuno, ! 
are given in Table IX. In these experiments a relatively small 
amount of sol was coagulated by an excess of cobalt salt so that 
the amount adsorbed may be neglected in comparison with the 
1 J. Coll. Sci., Tokio, 41, M 11, 1 (1921); Table IX and Fig. 4. 
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TABLE IX.—PRECIPITATION VALUES OF COBALT AMINES FOR ARSENIC 
TRISULFIDE SOL 


Salt 


oe ee 
[Co(NHs).(NO.)  icotNOnd nee 


[Co(NHs)4(NO ob 


eee 
[Co(NHs).(NO a 


\GIER eee. oe 


)ICo(NH)»- 
(NO2)4] 
7 (1) 
[Co(NHs)«(NOz)2 26/1 Bh Ae eres 


[Co(NH:;)4CO;JNO; - 1¢H.2O.......... 
[(Co(NH3)sNOz2]Cly. . a ae Syed 
[Co(NH;);NO ](Co(NH,)2(NOs) Jo. inoheeed | 


(2) 


ISOGUN Hs) DSONICIs foiy2 a - ches enan cues | 


eit eet le. obit hake oe ae | 
(Co(NH;),Cli}e(SO.,H)280.......>---- 
{Co ens|Cl; PP ei a NT hy PE MO ACT cee Re RO 
[Co(NH3)sH2O]e(SO4)3 -3H20O......... 
[Co(NH;) Clk. . emia ataae 
[(Co(NHs)¢](NOs)s he Bs 
((NH,)sCo - (OH); - Co(NH;,); Cl; - H.0! 
[(NH3)3Co - (OH); - Co(NHs)s](HSO,)s 
[(NH;)sCo - NH - Co(NHs;)s]Cli. . 


[(NH).Cof At? >Co(N Hs) Ila ~ 
4H20 


(N Hs) aX. 4 : f/Cl | 
ie Po NH, Coc (NEL). Cl, 


[(NH;)sCo - (OH)2 - Co(NHs),JCla.... . 


if 
co| FO Co(NH). |. Cie ae | 


Valence 
of 
cation 


BP PWWWNWwwwnnnNnNNH 


Precipitation values, 
milliequivalents per 


liter 


Aver- 
age 


5330 


720 


200 


| Calcu- 


lated 


5130 


666 


200 


88 
25.8 


precipitation value. In other words, the precipitation concen- 
tration is essentially the same as the final equilibrium concentra- 
tion. In Fig. 4 the precipitation values are plotted against the 
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reciprocal of the valence giving an isotherm similar to the 
diagrammatic one. In the same figure is plotted also the loga- 
rithms of the precipitation values against the logarithms of the 
reciprocal of the valence. An approximately straight line is 
obtained from the slope of which one may calculate the precipi- 
tation values and compare with the observed values! (see Table 
1OXOE 


Precipitation Concentration, Milliequivalents per Liter 
0 1000 2000 3000 4000 


Adsorption, Reciprocal of Valence of Precipitating Ions 
Log of Reciprocal of Valence of Precipitating Jong 


Log of Precipitation Concentration 


Fia. 4.—Relationship between the valence of cobalt amine eations and the 
precipitation concentration for arsenic trisulfide sol. 


Freundlich and Zeh? confirmed the observations of Matsuno 
by a study of the effect of the various cobalt amines on the 
cataphoretic migration velocity of arsenic trisulfide particles. 
Similar observations on hydrous ferric oxide in the presence of 
complex cyanide anions of varying valence, revealed a specific 
adsorption factor in addition to valence. Thus the precipitating 
power of Au(CN); appears to be twelve times as great as 
Au(CN), and of Fe(CN),”, twice as great as Pt(CN);. 

Cf. Freunpuicu: Kolloid-Z., 31, 243 (1922). 

2 Z. physik. Chem., 114, 65 (1924). 
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Effect of Concentration of Sol.—The precipitation value of 
arsenic trisulfide sol changes with the concentration as shown by 
the data recorded in Table X and shown graphically in Fig. 5.! 
The curves were obtained by plotting concentration against 
ratio of each precipitation value to that of the strongest sol. It 
will be seen that the precipitation value of potassium chloride 
increases and of barium and aluminum chloride decreases with 
dilution of arsenic trisulfide sol, although with many sols the 
precipitation values of all electrolytes fall off as the sol is diluted.’ 
Kruyt and van der Spek* recognize the existence of two factors 
which determine change in precipitation value with dilution of 
sol: first, the smaller number of particles which will require the 


TABLE X.—PRECIPITATION OF ARSENIC TRISULFIDE SOLS 


Precipitation values in milliequivalents per 


Concentration of sol, liter of 
per cent 

KCl BaCl, AICI; 

100 (6.24 grams per liter) 68.3 1.940 0.513 
75 68.3 1.877 0.473 
50 70.0 1.800 0.380 
25 76.7 1.733 0.333 
10 80.0 1.683 0.260 


adsorption of less precipitating ion to lower the charge to the 
critical value; and second, the greater distance between the 
particles, which makes collision less probable, and so necessitates 
a greater reduction in particle charge by the adsorption of more 
of the precipitating ion. Since these two factors have op- 
posite effects, it is only necessary to assume the predomi- 
nating influence of one or the other to account for the results in 
a given case. Thus, for arsenic trisulfide Kruyt assumes the 
important factor to be the lessened chance of collision with 
1 Weiser and Nicuouas: J. Phys. Chem., 25, 742 (1921); Kruyr and 
VAN DER SPEK: Kolloid-Z., 25, 1 (1919); Burton and Bisuop: J. Phys. 
Chem., 24, 701 (1920); Burton and MacInnus: Jbid. 25, 517 (1921). 


2 Cf. Weisner: ‘The Hydrous Oxides,” 57 (1926). 
3 Kolloid-Z., 26, 1 (1919). 
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potassium ion, and a decrease in the required amount to be 
adsorbed with barium and aluminum ions. If the decreased 
chance of collision were the only factor in preventing a weaker sol 
from coagulating in a given time in the presence of enough 
potassium chloride to coagulate a stronger sol, it would seem that 
complete coagulation of the weaker sol should result if sufficient 
time were allowed. As a matter of fact, however, enough 
potassium chloride to precipitate in 2 hours a sol containing 


Ratio of Precipitation Values 


25 0 


50 
Concentration of Colloid, Per Cent 


Fia. 5.—Effect of concentration of arsenic trisulfide sol on the stability toward 
electrolytes. 


5 grams per liter will not precipitate a sol one-fourth as strong in 
several weeks. Other observations indicate that Kruyt attaches 
too much importance to the decreased chance of collision of 
particles on dilution of sol. Thus, the precipitation value varies 
almost directly with the concentration of sol for precipitating 
ions of high valence. 

That Kruyt’s hypothesis should not be entirely adequate might 
be expected since he was concerned only with the precipitating 
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ions of electrolytes, disregarding entirely the effect of adsorption 
of the stabilizing ions having the same charge as the sol. If the 
adsorption of the stabilizing ion is negligible and the adsorption 
of the precipitating ion is very large, there will be a tendency 
for the precipitation value to vary directly with the concentration 
of sol. This condition is realized experimentally with electrolytes 
having multivalent precipitating ions. As would be expected, 
the greater the valence of the precipitating ion and hence the 
lower the precipitation value, the more nearly we find the latter 
varying directly with the concentration of the sol. If the adsorp- 
tion of the stabilizing ion of an electrolyte is appreciable, the 
precipitation value is increased. This effect will be more pro- 
nounced the greater the dilution of sol, since the decreased 
chance both of collision and of coalescence will combine to make 
the sol proportionally more stable so that correspondingly more 
of the precipitating ion must be added for complete precipitation. 
The influence of the stabilizing ion is more marked with electro- 
lytes having univalent precipitating ions which precipitate only 
in relatively high concentrations. Under these conditions, the 
precipitation value decreases with dilution much less than with 
multivalent precipitating ions and may even increase as the sol 
is diluted. 

It is frequently noted that less electrolyte is required for pre- 
cipitation of a sol when added all at once than when added step- 
wise through a long interval of time. This phenomenon is 
known as “‘acclimatization,”’ the connotation being that the 
colloid becomes acclimatized to its surroundings when the 
electrolyte is added slowly and so more is required to produce a 
given result. It would appear, however, that the necessity for 
using more electrolyte to effect complete precipitation on slow 
addition arises not so much from the adaptability of the sol to 
the presence of electrolytes as from fractional precipitation which 
not only removes ions owing to adsorption by neutralized 
particles but alters the stability of the sol by decreasing its con- 
centration. From this point of view, the factors which deter- 
mine the excess required for a given slow rate of addition are: the 
extent to which the colloid undergoes fractional precipitation, the 
adsorbing power of the precipitated colloid, the adsorption of 
the precipita ing ions, and the effect of dilution of sol on the pre- 
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cipitation concentration. Bancroft! adds that slow agglomera- 
tion probably decreases the adsorbing power of the colloid, a 
view that is in line with what we know of anomalous adsorption 
and the ageing of precipitates. 

Action of Non-electrolytes.—The addition of non-electrolytes 
to sols usually decreases their stability. Thus, Billitzer? found 
that a negatively charged platinum sol can be sensitized, dis- 
charged, or even made positive by the addition of suitable 
amounts of alcohol. Klein* showed that negative charged sols 
of arsenic trisulfide, gold, silica, and ferric oxide are agglomer- 
ated in part by alcohols, whereas positive sols are not. More 
striking results are obtained in the presence of electrolytes. 
Although non-electrolytes appear to have a more pronounced 
destabilizing action on negatively charged sols, it is by no means 
confined to them. Thus Freundlich and Rona‘ observed that 
the addition of camphor, thymol, and urethanes to ferric oxide sol 
reduces the precipitation concentration of sodium chloride and 
the same is true for the action of phenol and isoamyl alcohol on 
the sols of chromic oxide and ferric oxide.’ Moreover, Kruyt 
and van der Made’ precipitated hydrous ceric oxide as a jelly by 
the addition of alcohol. 

The sensitization of sols by non-electrolytes has been attributed 
by Wolfgang Ostwald? and Cassuto’ to a decrease in the dielectric 
constant of the medium. In line with this, Keeser® finds arsenic 
trisulfide sol to be stabilized by the addition of urea or glycocoll, 
both of which increase the dielectric constant of water.!° Freund- 
lich! suggests that the sensitization results from the lowering 
of the charge on the particles by adsorption on their surface of 


1“ Applied Colloid Chemistry,’ 297 (1926). 

2Z. physik. Chem., 45, 312 (1903). 

3 Kollotd-Z., 29, 247 (1921). 

4 Biochem. Z., 81, 87 (1917). 

56 Weiser: J. Phys. Chem., 28, 1253 (1924). 

6 Rec. trav. chim., 42, 294 (1923). 

7™“Crundriss der Kolloidchemie,”’ 441 (1909). 

8 “Der Kolloide Zustand der Materie,” 152 (1913). 

® Biochem, Z., 157, 166 (1925); cf., however, GHosH and Duar: J. Phys. 
Chem., 29, 668 (1925). 

10 PirtH: Ann. Physik, 70, 63 (1928). 

u “Kapillarchemie,”’ 637 (1922). 
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the organic non-conductor, which has a dielectric constant 
appreciably lower than that of water. Thus, the charge e ona 
particle is 
¢Dr(r + d) 
ges Swe hel 
d 

where ¢ is the potential difference of the double layer at the 
surface of a spherical particle of radius 7, D the dielectric con- 
stant, and d the thickness of the double layer. From this it 
follows that a decrease in D will lower e and, hence, the pre- 
cipitation value. 

The dielectric constant of the non-electrolyte is not the only 
factor which influences the stability since sugar apparently acts 
as a stabilizer for sols' and one is not justified in ascribing the 
difference between alcohol and sugar to the dielectric constant. 
That sugars are adsorbed by sulfide sols is evidenced by a loss in 
rotatory power when they are dissolved in the sols instead of in 
water.? In certain cases, the variation in adsorption with the 
concentration of sugar can be formulated quite accurately by 
the Freundlich equation.* 

Kruyt and van Duin‘ found the effect of non-electrolytes on 
the precipitation value of electrolytes for arsenic trisulfide sol to 
be determined by the nature of the precipitating ion; with uni- 
valent and trivalent ions, it was lowered, while with bivalent 
ions it was raised. For any given electrolyte, the change in 
precipitation value was independent of the dielectric constant 
of the non-electrolyte employed. 

From a study of this behavior in the author’s® laboratory the 
sensitizing action of non-electrolytes was attributed, at least in 
part, to the displacing of a stabilizing ion or the cutting down of 
the adsorption of a precipitating ion. These two actions are 
antagonistic and so the precipitation value may be increased, 
decreased, or remain unchanged in the presence of a non-electro- 
lyte. Some data bearing on this question are recorded in Table 

1GuosH and Duar: J. Phys. Chem., 29, 668 (1925). 

2 BHATNAGAR and SHRIVASTAVA: J. Phys. Chem., 28, 730 (1924). 

3 PRASAD, SHRIVASTAVA, and Gupta: Kolloid-Z., 37, 101 (1925). 

4 Kolloidchem. Bethefte, 5, 270 (1914); cf., also, Bouraric and SEMBLET: 
Rev. gén. Colloides, 4, 268 (1926). 


5 Wuispr: J. Phys. Chem., 28, 1254 (1924); cf., also, JANEK and JIRGEN- 
sons: Kolloid-Z., 41, 40 (1927). 


48 THE COLLOIDAL SALTS 


XI and shown graphically in Fig. 6. An arsenic trisulfide sol 
was coagulated with the precipitation concentration of barium 
chloride with and without non-electrolyte and the adsorption 
of barium determined. Comparing the results of experiments 
I and II, it will be seen that the adsorption is less in the presence 
of phenol although the amount of electrolyte necessary to effect 
precipitation is greater. This means that the sol is sensitized 
in the sense that less barium ion must be adsorbed in order to 
lower the charge on the particles below the critical value. The 
fact that a higher concentration of barium must be present to 


TasBLe XI.—ApsorPTION OF BARIUM BY ARSENIC TRISULFIDE SOL IN THE 
PRESENCE OF NON-ELECTROLYTE 


Solutions mixed with 100 cubic centimeters of sol 
containing 31.5 grams As2S; Barium 
Experi- adsorbed, 
ment N/50 Phenel! N/100 HO, grams per 
number BaCly, P AlCl, ; mol 
: cubic : cubie 
cubic : cubie : AsoS3 
E centimeters : centimeters 
centimeters centimeters 
I 31.40 0 0.0 68.6 0.805 
II 42).30 50 0.0 7.65 0.708 
Ill 31.40 50 3.6 15.00 0.657 
IV 20.00 50 8.3 21.70 0.538 
V 10.00 50 11.8 28.20 0.381 
TIsoamyl 
alcohol 
VI 39.36 50 0.0 10.64 0.753 
Vil 31,40 50 2.5 16.10 cals 


cause precipitation of the sensitized sol, is due to the marked 
cutting down of the adsorption of barium ion by the phenol. 
Whereas the cutting down of adsorption of the precipitating 
ion predominates over the increase in sensitivity with barium 
chloride, this is not the case with potassium chloride, which 
shows a lower precipitation value in the presence of phenol. 
This is probably due to the relatively flat character of the adsorp- 
tion isotherm for univalent precipitating ions. With such ions, 
the change in adsorption is usually very slight for relatively 
large changes in concentration; conversely, a slight decrease in 
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the adsorption necessary for lowering the charge below the critical 
value is marked by such a decided lowering of the precipitation 
value that this effect predominates over the decreased adsorp- 
tion of the precipitating ion. 

Contrary to Kruyt and van Duin’s observations, the precipi- 
tation value of aluminum salts is not changed appreciably by 


0.9 


ithout Non-electrolyteo 


08 


0.7 
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o o 
te _ 
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Fia. 6.—Adsorption of barium ion by arsenic trisulfide in the presence of non- 
electrolytes. 


the presence of non-electrolytes. The precipitation value of 
potassium sulfate and potassium oxalate for the sols of hydrous 
ferric and chromic oxide is changed but little by the presence 
of phenol and isoamyl alcohol; and the adsorption of these ions 
by the precipitated oxides is approximately the same with and 
without the non-electrolytes. 

If ether is added to an arsenic trisulfide sol followed by the 
addition of alcohol to form two liquid layers, there is a distribu- 
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tion of the sulfide between the two layers, in amounts depending 
on the conditions.! Corliss? in Lash Miller’s laboratory investi- 
gated quantitatively the distribution throughout the system 
water-ether-alcohol and found that the ratio of distribution in the 
two layers varies continuously with the composition of the phases; 
and that, other things being equal, the fraction of the arsenic 
trisulfide going into the upper (more ethereal) layer decreases 
with increasing concentration of sulfide. Reinders* reports that 
colloidal arsenic trisulfide stays in the water when shaken with 
carbon tetrachloride, benzene, or ether; but precipitates out at 
the dineric interface between the two layers when shaken with 
amyl alcohol or butyl alcohol. The theory of this action will 
be considered in Chap. IX. 

Corliss claims that sols containing alcohol and ether are more 
stable toward electrolytes than pure aqueous sols but this is not 
justified by his experimental data. Sen‘ finds that sucrose and 
ethyl alcohol stabilize a manganese dioxide sol toward copper 
sulfate and silver nitrate, and sucrose sensitizes it slightly toward 
silver nitrate. To explain this anomalous behavior, the effect 
of the non-electrolyte on the hydrogen ion concentration and the 
viscosity must be taken into account. The increase in adsorp- 
tion of copper sulfate by air-dried manganese dioxide in the 
presence of alcohol, gives no definite indication of the effect of 
alcohol on the adsorption of copper ion by manganese dioxide 
sol at constant hydrogen ion concentration. 

Mutual Action of Sols.—Mutual precipitation takes place on 
the addition of suitable amounts of positive and negative sols. 
The order of precipitating power of a number of positive sols 
for negative arsenic trisulfide sol is:> FesO; < ThO. < CeQ,- 
< ZrOz, Al,O; < Cr2:03. For antimony trisulfide sols the order 
is the same except that alumina is more effective than chromic 
oxide in precipitating antimony trisulfide and much less effective 
in precipitating arsenic trisulfide. Moreover, ZrO, is just as 

1 Miuuer and McPurrson: J. Phys. Chem., 12, 706 (1908); Zstamonpy: 
Kolloid-Z., 18, 105 (19138). 

2 J. Phys. Chem., 18, 681 (1914). 

3 Kolloid-Z., 18, 235 (1913); cf. von WermaARN and ALExEJEW:-J. Russ. 
Phys. Chem. Soc., 46, 133 (1914); JanEK: Chem. Zentr., I, 1160 (1924). 

4 Kolloid-Z., 38, 310 (1926). 

5 Bitz: Ber., 37, 1095 (1904). 
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effective as AlpO; on As2S; sol whereas it is much less effective 
than either Al.O3; or CreO3; on SbeS;3 sol. Since neutralization 
with mutual precipitation takes place when one sol has adsorbed 
the amount of the sol carrying an equivalent amount of ion having 
the opposite charge, it follows that the amount of one sol required 
to precipitate a given amount of another sol will vary with the 
adsorbability. The action will, therefore, be specific! and not 
additive as is usually assumed.? 

In certain cases precipitation takes place when sols of the 
same charge are mixed. Thus, mixtures of the negative sols of 
arsenic trisulfide and sulfur are instable in the presence of each 
other owing to interaction between the respective stabilizing 
electrolytes, hydrogen sulfide, and a thionic acid.’ This 
observation suggested to Thomas and Johnson‘ that the mutual 
precipitation of oppositely charged sols is due to interaction 
between the stabilizing electrolytes. This cannot be generally 
true since mutual precipitation takes place very frequently 
where interaction between stabilizing agents is a remote 
possibility. 

Mixtures of arsenic trisulfide sol and silver sol interact on 
standing, giving distinct color changes.® In darkness, the color 
goes from greenish brown to a cognac or lilac color. In the light, 
the color passes through a series of green and blue tones into a 
golden yellow. In the dark there is apparently a mutual adsorp- 
tion of particles of like charge giving mixed particles of a lilac 
color. This change is prevented by the addition of gelatin which 
keeps the particles separated.® In the light, a chemical change 
takes place with the formation of a silver salt, possibly silver 
thioarsenite.’ Borjeson® plated gold on colloidal sulfide particles 
by reducing gold chloride with hydrogen peroxide in the presence 
of the particles which acted as nuclei. 


1 Bancrort: ‘Applied Colloid Chemistry,” 307 (1926). 

2 FREUNDLICH: “Kapillarchemie,” 445 (1909); THomas: Bogue’s ‘‘Col- 
loidal Behavior,” 1, 325 (1924). 

3 FREUNDLICH and NATHANSOHN: Kolloid-Z., 28, 258; 29, 16 (1921). 

4 J. Am. Chem. Soc., 45, 2532 (1923). 

5FrEuNDLIcCH and Moor: Kolloid-Z., 36, 17 (1925); BuHatrnaaar, 
YAJNIK, and Zapoo: Quart. J. Indian Chem. Soc., 4, 209 (1927). 

6 Cf. Peskoy: Kolloid-Z., 32, 24 (1923). 

7 Pavuwi and SEMLER: Kolloid-Z., 34, 145 (1924). 

8 Kollotd-Z., 27, 18 (1920). 
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Although gelatin is usually regarded as a protective colloid 
for sols, cutting down the precipitating action of electrolytes, 
Billitzer! showed that sols of the sulfides of arsenic and antimony 
are precipitated by small amounts of gelatin. In larger amounts 
it adsorbs the arsenic trisulfide converting the whole into a 
stable positive sol. The sensitization of arsenic trisulfide sols 
toward electrolytes by the addition of small amounts of gelatin 
has been observed repeatedly.2. Peskov* claims, however, that 
highly purified gelatin sols are unable to cause coagulation of other 
sols unless the former are concentrated and contain large particles. 
Negatively charged gelatin in small concentrations may precipi- 
tate negative arsenic trisulfide sol probably by adsorbing the 
peptizing ion and thus reducing the charge.? Miller and 
Artmann® report that gum and casein are better protective col- 
loids for arsenic trisulfide sol than are glue and isinglass. Sodium 
and potassium soaps protect the sol in the following order: 
Linoleate > oleate > palmitate > stearate > myristate > 
laurate.® 

Keeser? found that salts of cholesterol and lecithin sensitize 
arsenic trisulfide sols toward electrolytes. The activity of the 
sols of cholesterol esters in cutting down the stability of negative 
sols is reduced as the length of the carbon chain in the homol- 
ogous series is decreased. The sensitizing action of the potas- 
sium and sodium salts of cholesterin sulfuric acid depends on the 
solubility of the salt. The constant ratio in the organism 
between free cholesterol and its esters may have an important 
bearing on the physical state of the body colloids. If poisons 
are removed from the body by combining with free cholesterol, 
such as happens in the removal of saponin, the normal physical 
condition of the cell colloids could be disturbed in case the 


1Z. physik. Chem., 61, 145 (1905). 

2 Bouraric and Pwrreau: Compt. rend., 181, 511 (1925); SuapEN and 
WiuuiAMs: J. Chem. Soc., 129, 2424 (1926); Guosu and Duar: Kolloid-Z., 
41, 229 (1927). 

3 J. Russ. Phys. Chem. Soc., 49, 1 (1917). 

4 Pskov and Soxotoy: J. Russ. Phys. Chem. Soc., 58, 823 (1926). 

®° Chem. Zentr., I, 13888 (1904). 

6 PAPACONSTANTINOU: J. Phys. Chem., 29, 319 (1925); cf. BHATNAGAR, 
Prasap, and Banu: Quart. J. Indian Chem. Soc., 2, 11 (1925). 

7 Biochem. Z., 164, 321 (1924); 157, 166 (1925). 
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resulting product has the properties of a cholesterol ester. This 
point of view may serve to account for the fact that an increase 
in the amount of cholesterol in the organism is always followed 
by an increase in the fatty acid phosphatides. 


ARSENIC TRISULFIDE ORGANOSOLS 


Bikerman! prepared stable organosols of arsenic trisulfide in 
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aceto-acetic ester. 


Concentration of Electrolytes, Millimols per Liter 
Effect of electrolytes on the ¢-potential of arsenic trisulfide particles dispersed in 


4 — 


100 
80 
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nitrobenzene and acetoacetic ester by dissolving arsenic trichlo- 
ride in the respective solvents, conducting dry hydrogen sulfide 
1Z. physik. Chem., 115, 261 (1925), 
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through the solutions, and finally washing out the excess hydrogen 
sulfide and hydrogen chloride with a current of air. The sols 
are charged negatively, the ¢-potential of the particles being 
similar to that in water. Bikerman measured the variation in 
¢-potential in the usual way on adding increasing amounts of 
electrolytes containing cations of varying valence. The data 
are rather unsatisfactory, probably because different sols were 
used for each salt so that the results are not strictly comparable. 
The results of some observations on the acetoacetic ester sol are 
given in Table XII and shown graphically in Fig. 7. It will 
be seen that the decrease in the ¢-potential of the particles 


TaBLeE XII.—Errect or ELECTROLYTES ON THE {[-POTENTIAL OF ARSENIC 
TRISULFIDE PARTICLES 


| Concentration E : 

Electrolyte C, millimols ipotental 

perdi: millivolts 
1) ©) Fee eres eae Ra SOOO, sermce occ ae ac 0.00123 85 
0.0036 80 
0.038 52 
0.110 53 
0.422 40 
Cu(C.H 9O3)2 En cio LAMM ened ea bctatetate cere tal aneae need vinawrel& 0 ‘ OOL 1 78 
0.0113 65 
0.220 53 
0.660 38 
IN Ca) ae eat cecere alt nee eed 0.134 78 
1.280 46 


for a given molar concentration is FeCl; > Cu(CegH9Q3)2 > 
N(C;H,)sl. The precipitation value for FeCl; is 0.7 millimol 
per liter and for Cu(CsH 9O0s3)2 is 0.9 millimol per liter while the 
value for N(C3;H,;),I is about 4.0 millimols per liter. If all the 
values are given in equivalents, the curve for the iron salt will 
be above that for the copper salt at the higher concentrations and 
the precipitation value for the former will be below that of the 
latter, as it should be. The critical coagulation potential is in 
the neighborhood of 30 millivolts. 
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The experiments with the nitrobenzene sol show that the 
valency rule holds qualitatively provided highly ionized salts 
are used, although the difference in the precipitating power of 
ions of varying valence is much less marked than in aqueous 
sols. Thus to reduce the ¢-potential to 50 millivolts requires 1.26 
millequivalents per liter of N(C;H7)4I and 0.75 milliequivalent 
per liter of FeCl;. For a sol containing 12 grams arsenic tri- 
sulfide per liter the precipitation value of ferric chloride is 1.1 
milliequivalents per liter; and for a sol containing 1.5 grams 
arsenic trisulfide per liter the precipitation value of Cu(CsH,O3;)2 
is 20 milliequivalents per liter. N(C;H,;),4I is not soluble enough 
to precipitate the sol. The large difference between the iron and 
copper salt is probably due to the relatively low ionization of 
Cu(C.sH,Q0;3). in nitrobenzene. 

It is of interest that the charge on arsenic trisulfide organosols 
can be reversed like the aqueous sols by adding an excess of a 
salt with a strongly adsorbed cation. Thus a nitrobenzene sol 
containing 0.6 gram arsenic trisulfide per liter is precipitated by 
0.33 milliequivalent per liter of ferric chloride; but 8.4 milli- 
equivalents of ferric chloride per liter gives it a charge of +55 
millivolts. 


CHAPTER III 


COLLOIDAL SULFIDES OF ANTIMONY, BISMUTH, TIN, 
AND LEAD 


CoLLoIpAL ANTIMONY TRISULFIDE 


Antimony trisulfide occurs in nature as black rhombic crystals 
known as stibnite. The alchemist ‘‘Basil Valentine’! pre- 
pared an amorphous red sulfide by subliming stibnite with 
ammonium chloride. In this way, antimony trichloride and 
ammonium sulfide were first formed and reacted on cooling to give 
the original compounds, the trisulfide separating as a red powder. 
Glauber and also Lenery speak of the solution of stibnite in 
caustic alkalies and the subsequent precipitation of a red powder 
but it was not until 1714 that particular attention was called 
to the preparation. In that year Simon, a Carthusian monk, 
was reported to have restored another monk to health by the 
administration of the powder prepared by a German apothecary, 
a disciple of Glauber. Simon gave to the powder the name 
alkermes or kermes mineral by which it is still known. The 
original method of formation consisted in boiling the crude 
sulfide with alkali until a clear solution was obtained from which 
the kermes separated. The body was at first believed to be a 
compound of antimony, sulfur, and alkali but it is now known to 
be antimony trisulfide with more or less antimony trioxide and 
adsorbed alkali. The presence of impurities was objectionable 
for its use as a therapeutic agent so that in later modifications of 
the original process, the solution and subsequent precipitation of 
the sulfide were carried out in the absence of air and any trioxide 
was extracted with tartaric acid. 

By passing hydrogen sulfide into a slightly acidified antimonous 
salt solution, the trisulfide is thrown down as a hydrous mass 
varying in color from golden yellow to orange red, depending 


'Cf. Roscom and ScHorteMMeER: ‘Treatise on Chemistry,’ 2, 1019 
(1923). 
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on the conditions of precipitation. When obtained from chloride 
solution it adsorbs chloride! and the precipitate dried at 105° 
usually contains a small amount of sulfur, probably from the 
oxidation of adsorbed hydrogen sulfide...The precipitated 
compound adsorbs water quite strongly. Prolonged drying over 
sulfuric acid is reported to give a dihydrate, SboS; - 2H2O,? but 
this composition is doubtless an accidental result of the con- 
ditions of drying. When dried at 100° it still retains adsorbed 
water which is given up gradually on heating to higher tem- 
peratures.’ In order to remove all the water in the quantitative 
estimation of antimony as trisulfide,* it is necessary to heat the 
amorphous precipitate in a current of carbon dioxide until it 
goes over to the black crystalline form which adsorbs very little 
water. 

If a dilute hydrochloric acid solution of antimony trichloride is 
treated with a solution of sodium thiosulfate, a bright red sulfide 
is obtained which is known as crimson sulfide, antimony cinnabar, 
and antimony vermilion. The color and composition depends 
on the method of formation but it always consists of antimony 
trisulfide with more or less sulfur. X-ray examination® of the 
various precipitated sulfides show them to be without a definite 
crystalline structure. If heated to a temperature around 
200° they are converted into black crystalline SboS; having the 
same crystal structure as the mineral stibnite. The effect of 
method of preparation on the physical character and color and 
the factors influencing the transformation to the crystalline modi- 
fication will be considered in detail in the chapter on the sulfide 
pigments (pp. 112 to 115). 

Antimony trisulfide, like the corresponding arsenic compound, 
is hydrolyzed by boiling water. In the presence of 9 normal 
hydrochloric acid the orange sulfide goes over to the black 
crystalline compound quite rapidly at the boiling point.? This 

1Youtz: J. Am. Chem. Soc., 30, 975 (1908). 

2Dirte: Compt. rend., 102, 212 (1886). 

’ De Bacuo: Ann. chim. applicata, 12, 143 (1919); Chem. Abstr., 14, 1497 
(1920). 

4 FresEentus-Coun: “Quantitative Chemical Analysis,” 1, 397 (1908). 

5 Currie: J. Phys. Chem., 80, 236 (1926). 


6 HiuBers: Chem. Ztg., 12, 355 (1888). 
7 MrrcHeiti: Chem. News, 67, 291 (1893). 
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process goes on slowly even at ordinary temperatures. Thus, 2 
grams of the orange trisulfide in 5 cubic centimeters of 12 normal, 
7 normal, and normal hydrochloric acid are transformed com- 
pletely into the black crystals in 0.5 day, 1 day, and 10.5 days, 
respectively. Phosphoric, acetic, and sulfuric acids have little 
or no influence on the transformation within 2 months.! 

Stibnite is an important constituent of many military and 
sporting arms primers. For this purpose it need not be pure.’ 
The crystalline trisulfide is also employed in the manufacture of 
safety matches. The match is tipped with a mixture of the 
sulfide, potassium chlorate, and powdered glass which is not suffi- 
ciently sensitive to be ignited by ordinary friction but inflames 
promptly when rubbed upon the mixtures of red phosphorus 
and glass coating the side of the box. 


ANTIMONY TRISULFIDE SOLS 


A very dilute yellow antimony trisulfide sol is obtained by 
passing hydrogen sulfide into a saturated solution of antimony 
trioxide in water. More concentrated sols can be obtained by 
conducting hydrogen sulfide into a solution of potassium anti- 
mony tartrate or of the oxide dissolved in tartaric acid. The 
maximum concentration of antimony salt that can be employed 
will give a sol containing approximately 5 grams of trisulfide per 
liter. If higher salt concentrations are used the sulfide is 
precipitated as a gel. The most satisfactory method of prepar- 
ing the sol‘ consists in allowing 200 cubic centimeters of a tartar 
emetic solution to drop slowly into a like volume of water satu- 
rated with hydrogen sulfide through which the gas is kept 
bubbling. The excess hydrogen sulfide may be removed by a 
current of hydrogen or by boiling, although the latter procedure 
is not recommended as the size of the particles is increased and 
the stability of the sol is reduced. The sols may be purified to a 
certain extent by dialysis, but if the process is continued too long 
all the sulfide separates out. To increase the stability of the sols 

1Witson and McCrosxy: J. Am. Chem. Soc., 48, 2178 (1921); cf. 
Lana: Ber., 18, 2716 (1885); Dirrn: Compt. rend., 102, 212 (1886). 

2 Cusuman: Ind. Eng. Chem., 10, 376 (1918). 

3’Scuuuzy: J. prakt. Chem., [2] 27, 320 (1883); cf. Hnymr: Crell’s “Chem. 
Ann.,” 2, 227, 321, 498 (1785). 

4Bitrz: Ber., 37, 1097 (1904). 
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so they can be sterilized for therapeutic purposes, Wolvekamp! 
uses the sodium salts of protalbinic and lysalbanic acids as pro- 
tective colloids. Soap? is also adsorbed by antimony trisulfide 
and acts as a protective colloid. Utzino* ground antimony trisul- 
fide in a colloid mul with grape sugar, obtaining sols which appear 
to show a maximum stability not at the finest state of subdivision. 
Other conditions being the same, this result cannot be correct. 
The adsorption of such sugars as arabinose, maltose, and levulose 
at varying concentrations by antimony trisulfide sol has been 
followed‘ by means of the polarimeter, since adsorbed sugar does 
not affect the plane of polarized light. In certain cases the 
increase in adsorption with increasing concentration of sugar 
can be represented quite accurately by the Freundlich equation. 

The color of antimony trisulfide sols varies widely with the 
dilution, as indicated in Table XIII. Like the corresponding 


TaBLE XIII.—INFLUENCE OF CONCENTRATION ON THE COLOR OF SB283 SOLS 


Ratio 
Color 


Sb 283 F H,0 


1 200 | Deep red; clear in transmitted light, cloudy brown 
red by reflected light 

400 | Raspberry red 

600 | Deep yellow red 

1,000 | Reddish yellow to yellow 
10,000 | Yellow like dilute ferric chloride 
100,000 | Very light wine yellow 

1,000,000 | Faint yellow in layers at least 15 centimeters thick 


es Oe oe ee 


arsenic sol, it makes a difference whether a dilute sol is prepared 
directly or whether a concentrated sol is diluted, in that the 
latter always contains larger particles and so appears more 
cloudy in reflected light. The absorption spectrum of the sol 
is a continuous band from the violet to the blue.® 

1U. 8S. Patent, 1412438 (1922). 

2 BuaTNaGaR, Prasap, and Bauu: Quart. J. Indian Chem. Soc., 2, 11 
(1925). 

3 Kolloid-Z., 32, 149 (1923). 

4 PRasapD, SHRIVASTAVA, and Gupta: Kolloid-Z., 37, 101 (1925). 

5 Bittz and GrrBEu: Nachr. kénigl. Ges. Wiss. Gottingen, 141 (1906). 

6 LinpER and Picton: J. Chem. Soc., 61, 133 (1892). 
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Antimony trisulfide sol is negatively charged owing to adsorp- 
tion of hydrosulfide and tartrate ions. When not dialyzed, it is 
more stable toward electrolytes than the corresponding arsenic 
trisulfide sol but the stability can be varied through wide limits 
by varying the duration of the dialysis. On account of the 
similarity between the two sols, one might expect the order of 
electrolytes arranged according to their precipitating power to 
be approximately the same for both, as the experiments show.! 
Moreover, the effect of concentration of sol on the precipitation 
values of electrolytes containing cations of varying valence is 
similar to that for arsenic trisulfide sol.2 The stability of 
antimony trisulfide sol decreases with age and there is always 
more or less precipitation of the sulfide together with sulfur after 
standing for a long time. It is probable that the sol undergoes 
a photochemical decomposition similar to that observed with 
arsenic trisulfide sol.* 

Jablezynski‘ followed the velocity of coagulation of antimony 
trisulfide sol with potassium chloride using a spectrophotometer, 
and found the process to take place in accord with Smoluchow- 
ski’s equation,® both in the presence and the absence of an 
excess of hydrogen sulfide. It will be recalled that the coagula- 
tion of an arsenic trisulfide sol does not proceed in accord with 
Smoluchowski’s theory when the sol is freed from hydrogen 
sulfide. This difference in behavior of the two sols calls for 
further investigation, as does the accuracy of the experimental 
method employed by Jablezynski. 


CoLLoIDAL ANTIMONY PENTASULFIDE AND TETRASULFIDE 


A century ago Berzelius® reported that antimony pentasulfide 
is formed by the action of hydrogen sulfide on a solution of 
antimonic acid. Bunsen’ showed this to be true, provided the 


1 Scuritow and Ortowa: Z. physik. Chem., 100, 425 (1922); Kollotdchem. 
Bethefte, 18, 1 (1923). 

2 GuosH and Duar: Kolloid-Z., 36, 129 (1925) 

3 See p. 25. 

4 JABLCZYNSKI and PRzZEZDZIBCKA-JADRZEJOWSKA: Bull. soc. chim., 87, 
608 (1925). 

5 See p. 29. 

6 Pogg. Ann., 7, 2 (1826); of., however, Rosp: /bid., 107, 186 (1859). 

7 Liebig’s Ann., 192, 305 (1878). 
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precipitation is effected by adding rapidly an excess of a satu- 
rated solution of hydrogen sulfide to the acid. This procedure 
was recommended by Bunsen for the quantitative estimation of 
antimony and for the separation of antimony and arsenic. Bun- 
sen’s observations were not confirmed by Wilm,! Mourlot,? and 
Thiele,? who found the precipitated sulfide to contain sulfur 
easily extractable with a sulfur solvent. Brauner‘ and later 
Bések® did much toward clearing up the matter by showing that 
pure pentasulfide is formed only in case Bunsen’s directions are 
followed exactly. To get the compound pure, care must be taken 
to get all the antimony in the pentavalent state and to add the 
hydrogen sulfide solution rapidly in the cold to the antimonic 
solution containing 10 to 20 per cent of hydrochloric acid. If 
the precipitation is accomplished by conducting hydrogen sulfide 
slowly into a solution containing but little hydrochloric acid, a 
part of the pentavalent antimony is reduced and the resulting 
precipitate is a mixture of pentasulfide, trisulfide, and sulfur.°® 
In general, the reduction was found to be greater the slower the 
stream of hydrogen sulfide and the higher the temperature. 

Pure antimony pentasulfide prepared by Bunsen’s method is a 
rich orange in color when dried. Currie finds that heating has 
little visible effect on the compound until temperatures around 
100° are reached, when a dulling of the color is noted. At 135° 
the pigment darkens appreciably to a brown and at 150° traces of 
black appear, indicating decomposition with the formation of 
black trisulfide. Carbon bisulfide, chloroform, carbon tetra- 
chloride, benzene, and toluene are without influence on the pure 
pentasulfide in the cold and have little effect at the boiling 
points of the several solvents, even in the case of carbon bisul- 
fide.’ Heating the sulfide causes it to lose sulfur to carbon 
bisulfide in amounts depending on the temperature. If heated 
between 70 and 75° it loses 1 atom of sulfur, leaving antimony 

1Z,. anal. Chem., 30, 428 (1891). 

2 Compt. rend., 1238, 54 (1896). 

3 Liebig’s Ann., 263, 371 (1891). 

4 BRAUNER and Tomicek: J. Chem. Soc., 68, 145 (1888). 

5 J. Chem. Soc., 67, 515 (1895). 

6 Currin: J. Phys. Chem., 30, 205 (1926). 

7KienKker: J. prakt. Chem., [2] 69, 150 (1899); Esc and Bautua: Chem, 
Ztg., 28, 595 (1904). , 
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tetrasulfide, SbsS,, which starts to decompose slightly at 105° 
and rapidly at 155 to 160° giving Sb283.! Light acts slowly on 
the orange compound, converting it into black trisulfide.? 

What is claimed to be the best method of preparing antimony 
pentasulfide is to treat a solution of Schlippe’s salt, NasSbS, -- 
9H.O, with dilute acids. The product is never pure, containing, 
according to Klenker, SboS;, Sb2S;, and S in varying amounts, 
depending on the experimental conditions. This view was 
called in question by Kirchhof‘ and by Short and Sharpe® who 
claim that the so-called golden sulfide of antimony is the tetra- 
sulfide, SboS,. This question has been settled recently in Ban- 
croft’s laboratory by Currie,®> who examined the golden 
precipitates obtained from thioantimonate under different condi- 
tions. Equal samples of the several preparations were treated 
with increasing amounts of sulfur solvent and allowed to stand 
at constant temperature until equilibrium was reached. The 
concentration of sulfur in the solution and the composition of the 
residue were determined. Plotting concentration of sulfur in 
solution against the composition of the residue expressed in 
milligrams of § in excess of SboS3;, curves were obtained which 
indicate that the decomposition of thioantimonate by dilute acids 
yields no antimony pentasulfide, but a mixture of sulfur and a 
solid solution of sulfur and antimony tetrasulfide. 

Heating trisulfide with sulfur yields neither tetrasulfide nor 
pentasulfide.’ Moreover, the trisulfide does not take up sulfur 
when kept in contact with sulfur solvents saturated with sulfur. 
It appears, therefore, that the equilibria SboS; — SbeS3 + 28 
and SboS, = SboS3 + 8 can be approached from one direction 
only, the side corresponding to the higher sulfide. The reason 
for this is not obvious. 


1 KLENKER: loc. cit.; Lurr and Porrirr: J. Soc. Chem. Ind., 40, 275 T 
(1921); Dusosc: “Le Caoutchouc et la Gutta Percha,’’ 8886, 8958 (1916). 

2 BraunmEr: J. Chem. Soc., 67, 528 (1895). 

%’ Anpaa: “Handbuch anorg. Chem.,” 3, (3) 620 (1907). 

4Z. anorg. Chem., 112, 67; 114, 266 (1920). 

5J. Soc. Chem. Ind., 41, 109 T (1922); cf., however, Twiss: /bid., 41, 
171 T (1922). 

6 J, Phys. Chem., 80, 209 (1926). 

7Currip: J. Phys. Chem., 30, 216 (1926). 
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X-radiograms of pure pentasulfide and of the tetrasulfide from 
antimonate show no indication of crystalline structure and they 
are probably amorphous bodies.!' A sol of the tetrasulfide from 
Schlippe’s salt has been prepared using sodium ‘‘protalbinate”’ 
as a protective colloid. This sol can be sterilized by boiling 
and is recommended as a veterinary remedy in place of the 
antimonate.* 

The golden sulfide is widely employed as a pigment for rubber 
and as an assistant in the vulcanization process. These applica- 
tions are considered in Chap. VII. 


CoLLoIpAL BisMuTH TRISULFIDE 


Bismuth trisulfide is thrown down as a brownish black hydrous 
mass on passing hydrogen sulfide into a solution of bismuth 
chloride that is not too strongly acid. No precipitate is obtained 
if the concentration is greater than 12 per cent HCl and is 
incomplete in solutions stronger than 7.7 per cent HCl.? The 
sulfide is also precipitated from a bismuth chloride solution by 
sodium thiosulfate‘ and by thioacetic acid.» Adsorbed water is 
not removed completely from the sulfide until a temperature of 
approximately 200° is reached. Bismuth ion may be precipitated 
and weighed quantitatively as BioS; provided the sulfide is heated 
for 1 hour in a stream of hydrogen sulfide. At this temperature 
the amorphous powder goes over rapidly to the crystalline form.7 
Bismuth trisulfide is much less soluble in alkali sulfides than the 
corresponding sulfides of arsenic and antimony* but the solubility 
is not inappreciable.® 

A bismuth trisulfide sol results on passing hydrogen sulfide 
into a dilute solution of bismuth salt and dialyzing to remove 


1Curriz: J. Phys. Chem., 30, 237 (1926). 

2 WoLvEKAMP: U.S. Patent, 1412438 (1922). 

3 RAMACHANDRAN: Chem. News, 181, 135 (1925). 

4 VortTMANN: Monatsh., T, 418 (1886). 

5 TaruGI: Gazz. chim. ttal., 27, 1, 316 (1897). 

6 Mosmr and Neusser: Chem. Ztg., 47, 541, 581 (1923). 

7Sprine: Z. physik. Chem., 18, 553 (1895). 

8 Stone: J. Am. Chem. Soc., 18, 1091 (1896). 

9 Dirte: Compt. rend., 120, 186 (1895); Stiruman: J. Am. Chem. Soc., 
18, 683 (1896). 
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excess electrolyte. Winssinger! employed a dilute bismuth 
nitrate solution treated with acetic acid and dialyzed 36 hours. 
The sol could be boiled without precipitation but was quite 
sensitive to the action of electrolytes. In thin layers the color 
was reddish brown and gave an absorption spectrum extending 
from the violet to the green and faintly into the red. Ozone 
precipitated the sol but was without action on the sulfide.? 

Schneider* claims to get a hydrate of bismuth monosulfide, 
BiS - H,0, by treating a solution of bismuth tartrate, stannous 
chloride, and potassium hydroxide with hydrogen sulfide; but 
Vanino and Treubert! showed that the alleged compound was a 
mixture of hydrous bismuth trisulfide and bismuth. There 
appears to be no conclusive evidence of the existence of any 
sulfide of bismuth other than the trisulfide.® 


COLLOIDAL STANNIC SULFIDE 


Stannic sulfide is precipitated as a yellow gel by the action of 
hydrogen sulfide on an acidified solution of stannic chloride. 
The precipitate contains no stannous sulfide, but may contain 
hydrous stannic oxide owing to hydrolysis of the chloride in case 
the solution is quite dilute or but slightly acid.* It is probable 
that any oxide carried down would be converted to sulfide by 
prolonged action of hydrogen sulfide, since the gas converts a 
suspension of freshly formed stannic oxide into sulfide.” Stannic 
oxide sol peptized by hydrochloric acid, is coagulated by hydrogen 
sulfide but in this case the conversion to stannic sulfide is quite 
slow® because of the physical character of the oxide. 


1 Bull. acad. roy. méd. Belg., [3] 15, 390 (1888); Bull. soc. chim., [2] 49, 
452 (1888). 

2 RrespNFELD and Haase: Z. anorg. Chem., 147, 188 (1925). 

3 Pogg. Ann., 97, 480 (1856). 

4 Ber., 32, 1079 (1899). 

5 Arn: Z. anorg. Chem., 47, 386 (1905); Hprz and GuTTMaANN: Z. anorg. 
Chem., 58, 63 (1907); 56, 422 (1908); cf., however, P&LABON: J. chim. 
phys., 2, 321 (1904); Compt. rend., 187, 648, 920 (1903). 

6 Srorcu: Monatsh., 10, 260 (1889). 

7ScunEerer: J. prakt. Chem., [2] 8, 472 (1871). 

8 JORGENSEN: Z. anorg. Chem., 28, 140 (1901); Barron: J. prakt. 
Chem., 101, 368 (1867). 
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The adsorbing power of stannic sulfide renders it unsuitable 
for the quantitative analysis of certain solutions. Thus cobalt 
and nickel are carried down by the gel, the amount adsorbed 
varying inversely as the hydrogen ion concentration of the 
solutions.' The gel also adsorbs phosphate so strongly? that 
quite low results are obtained when the phosphate is estimated 
after the removal of tin as sulfide. 

A sol of stannic sulfide was first prepared in 1839 by the 
action of sulfur dioxide on a dilute acidified solution of stannous 
chloride.‘ More recently Schneider® obtained a sulfide sol by 
passing hydrogen sulfide into a dilute sol of hydrous stannic 
oxide formed by dialysis of a stannic chloride solution. The 
sol was coagulated by a drop of acid giving a yellow gelatinous 
mass. Probably the most satisfactory method of preparing the 
sol is to peptize the freshly precipitated gel by thorough washing. 

If a stannic sulfide gel is allowed to remain in contact with 
ammonia, a solution results from which a voluminous white 
precipitate is obtained on acidification. The same substance is 
formed by digesting stannic sulfide with ammonium carbonate 
solution, filtering, and acidifying. The dark red solution of 
stannous sulfide in ammonia becomes colorless on standing in the 
air and from this also, the white voluminous gel is precipitated by 
an acid. When freed from sulfur by washing with carbon bisul- 
fide the precipitate analyzes for hydrous stannic oxysulfide, 
Sn.8;0-xH,O. The freshly formed gel is readily soluble in 
ammonium carbonate but when aged by drying, it loses this 
property to some extent. If a dilute solution of the gel in ammo- 
nium carbonate is acidified with sulfuric acid and shaken until 
most of the carbon dioxide is removed, there results a very fine 
flocculent mass with a blue tinge. On washing with water, this 
gel is peptized, giving a sol with an acid reaction. Schmidt attrib- 
utes the acidity of the sol to the presence of an acid, Sn.8;0 - 
H.O or S(SnS - OH)». It seems more likely that the acid reaction 


1 AucmER and Oprinot: Compt. rend., 178, 710 (1924). 
2 Kixucui: J. Chem. Soc. Japan, 48, 329 (1922). 

3 Lorp: Chem. News, 118, 254 (1919). 

4Herrine: Ann. Pharm., 22, 90 (1839). 

5 Z. anorg. Chem., 5, 83 (1894). 

6 Scumipt: Kolloid-Z., 1, 129 (1906). 
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is due to the presence of some sulfuric acid which can not be 
washed out before peptization of the gel takes place. 


CoLLOIDAL LEAD SULFIDE 


Hydrogen sulfide precipitates lead sulfide as a brownish-black 
powder from slightly acid, neutral, or alkaline solutions of lead 
salts. If the solutions are highly diluted, the sulfide does not 
precipitate out but forms a fairly stable sol which may be purified 
to some extent by dialysis.‘ The use of the sol for the colori- 
metric estimation of small amounts of lead has been recom- 
mended.? A fairly stable sol may be formed by the cathodic 
disintegration of galena;* but if sols of a high degree of stability 
are desired, some protective colloid must be used. Lefort and 
Thibault* added hydrogen sulfide to a solution of lead acetate 
containing gum arabic and Menegazzi> used such protective 
colloids as peptone, white of egg, and starch paste. Lewis and 
Waumsley® prepared a deep brown opalescent sol by allowing 
lead to remain in contact with a solution of caoutchoue in 90 
per cent commercial benzene containing a small amount of carbon 
bisulfide. The carbon bisulfide acts on the lead, giving lead 
sulfide, which is protected by the caoutchouc. Any zine or lead 
sulfide formed during the vulcanization of rubber in the presence 
of the metallic oxides, is kept in the colloidal state by the 
rubber.’ 

1 WINSSINGER: Bull. soc. chim., [2] 49, 452 (1888). 

2 Lucas: Bull. soc. chim., [3] 15, 39 (1896); Wruttams: J. Soc. Chem. Ind., 
25, 137 (1906); Ewan: Jbid., 28, 10 (1909); Harcourt: J. Chem. Soc., 97, 
841 (1910). 

3 Von Haun: Kolloid-Z. (Zsigmondy Festschrift) 36, 277 (1925). 

4 J. pharm. chim., [5] 6, 169 (1882). 

5 J, Chem. Soc. 110, (1), 452 (1916). 

6 Kolloid-Z., 11, 39 (1912); J. Soc. Chem. Ind., 31, 518 (1912). 

7Martin and Davny: J. Soc. Chem. Ind., 45, 174 7’ (1926), 


CHAPTER IV 


THE COLLOIDAL SULFIDES OF COPPER, SILVER, AND 
GOLD 


CoLLoIpAL Curric SULFIDE 


The precipitate obtained by the action of hydrogen sulfide on 
a solution of cupric salt is not pure cupric sulfide as usually sup- 
posed. Thus, if the gas is conducted into a solution of cupric 
sulfate or chloride, the precipitate is a mixture of Cu.S, CuS, and 
S, according to Brauner,! and a mixture of Cu,8; and S according 
to Thomsen.” Coppock* found, however, that if copper sulfate, 
weakly acidified with nitric acid, is added in slight excess to a 
solution of ‘hydrogen sulfide, no reduction takes place, the 
precipitate having the composition CuS after washing with 
* hydrogen sulfide water, alcohol, and carbon bisulfide and 
dried at 100°. Antony and Lucchesi‘ claim to get a pure product 
by precipitation and washing at 0° in an atmosphere of hydrogen 
sulfide and drying at 120° in a current of nitrogen. 

The gel of copper sulfide adsorbs hydrogen sulfide strongly, a 
circumstance which led Linder and Picton to conclude that hydro- 
sulfides are formed, such as 7CuS-H.2S and 9CuS- H.S8. The 
sulfide thrown down by alkali sulfides is always contaminated 
more or less by adsorbed alkali salt.° If precipitated in the pres- 
ence of zine, the latter is adsorbed in amounts depending on the 
concentration of zine salt, the concentration of acid, and the 
temperature.* For the quantitative separation of copper and 
zinc, the acid should be 0.5 normal. Kolthoff and van Dijk’? 
claim that the precipitation of copper sulfide in the presence of 

1 Chem. News, 74, 99 (1896); cf. ABEL: Z. anorg. Chem., 26, 411 (1901). 

2 Ber., 11, 2043 (1878). 

3 Chem. News, 73, 262 (1896); 76, 231 (1897). 

4 Gazz. chim. ital., 19, 545 (1890). 

5 MurMANN: Monatsh., 17, 706 (1896); Scuprinea: Pharm. Weekblad., 
57, 1294 (1920). 

§ Scuprinaa: Pharm. Weekblad., 56, 431 (1918). 

7Pharm. Weekblad., 69, 1351 (1922). 
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zine should be carried out in the cold if sulfuric acid is employed 
and in the hot if hydrochloric acid is used. The reason for this 
is not obvious, for one should expect to get less contamination at 
higher temperatures in each instance, both because adsorption 
falls off with increasing temperature and because the precipitate 
is more granular the higher the temperature of formation. 
Scheringa! believes that the zinc is not adsorbed superficially but 
that zine sulfide forms a solid solution with cupric sulfide at the 
moment of precipitation. Since the amorphous flocculent mass 
can be converted into the crystalline form by heating in vacuum? 
or with an ammonium sulfide solution,* the question as to whether 
the mixture is a solid solution or an adsorption complex could be 
determined by x-ray analysis. 

A very finely divided copper sulfide results on placing copper 
and sulfur in contact in a slightly acid solution of a copper salt.4 
The sulfide is soluble in sulfuric acid yielding hydrogen sulfide.*® 

Solid cupric sulfide is a relatively good conductor of electricity, 
Bideker® finding the specific resistance at ordinary temperature 
to be 0.000125 when that of copper is 0.0000017 and that of 
bismuth is 0.000115.7 Thus cupric sulfide is almost as good a 
conductor as bismuth. Hittorf’ and Bodlainder and Idaszewsky® 
observed no migration of copper ions during the passage of the 
current and concluded therefore that the salt conducts like a 
metal and not like an electrolyte. Cuprous sulfide is, likewise, a 
conductor but the bulk of the evidence indicates that it conducts 
electrolytically." Bodlander attributes the slight conductivity 

1 Pharm. Weekblad., 55, 431 (1918). 

2SraneKk: Z, anorg. Chem., 17, 118 (1898). 

3Sprina: Z. phystk. Chem., 18, 557 (1895). 

‘Wicks: Liebig’s Ann., 81, 241 (1852); Gareiir: Rec. trav. chim., 42, 
818 (1923). 

®5Rrepur: Z. Hlektrochem., 8, 370 (1902). 

6 Ann. Physik, [4] 22, 749 (1907). 

7 Giese: Dissertation, Berlin (1903). 

8 Pogg. Ann., 84, 1 (1851). 

9Z. Hlektrochem., 11, 161 (1905). 

10 Hirrorr: Pogg. Ann., 84, 1 (1851); Kontrauscn: Wied. Ann., 17, 
642 (1883); Brown: Phil. Mag., [5] 20, 322 (1885); Moéncu: Neues. 
Jahrb. Min., 20, 365 (1905); THompson: Z. anorg. Chem., 32, 365 (1905); 
von Hasstinaur: Monatsh., 28, 173 (1907); TrimpLer: Z. physik. Chem., 
99, 9 (1921); TuBANb?, Eacrrt, and ScurpsE: Z. anorg. Chem., 117, 1 (1921). 
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of cuprous sulfide at room temperature to the presence of a small 
amount of cupric sulfide. He states further that at 110°, 
cuprous sulfide becomes an electrolyte but the electrolysis 
produces cupric sulfide at the anode, the metallic conductivity 
of the latter gradually replacing the electrolytic conductivity 
of the former. 

A satisfactory explanation of metallic conduction in compounds 
such as cupric sulfide is not yet available. Triimpler! measured 
the potential of a number of solid conducting salts against a 
saturated solution containing the negative component of the 
salt in the free and ionic state. From the different behavior of 
metal-like and electrolytic conductors with respect to the 
influence of the negative component on the potential, a funda- 
mental difference in internal structure is deduced. Thus it is 
assumed that in pure metallically conducting compounds, the 
space lattice points are occupied by atoms or molecules but not 
by ions; hence such compounds appear to be non-polar, in contra- 
distinction to electrolytic conductors. While this assumption 
may be true, it is not very helpful for it offers no explanation of 
the fact that metallic conductivity obtains with only a few salts. 
Moreover, it does not account for the very much greater metallic 
conductivity of cupric sulfide than other salts of the same kind. 
Since Bridgman? has prepared a modification of phosphorus pos- 
sessing metallic properties, it may be that a similar form of sulfur 
exists and that cupric sulfide is a compound of copper with this 
metallic form of sulfur. 

Precipitated cupric sulfide is black, bluish black, greenish 
black, or brown depending on the conditions of formation. If 
thrown down by hydrogen sulfide from a cold cupric salt solution 
it is quite brown while the product from a hot solution has a 
greenish tinge.* The crystalline mineral is black, bluish black, 
indigo blue, dark violet, or brown. The precipitated sulfide, 
submitted to a pressure of 6500 atmospheres, forms a mass with 
a deep blue metallic luster.* 


1Z, physik. Chem., 99, 9 (1921). 

2 J. Am. Chem, Soc., 36, 1344, (1914); 38, 609 (1916). 
3 LorreRMOSER: J. prakt. Chem., [2] 76, 293 (1907). 
4Sprina: Bull. acad. roy. méd. Belg., [3] 5, 492 (1883). 
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If copper nitrate solution is placed in a cracked test tube 
immersed in a beaker of sodium sulfide solution, keeping the two 
liquids at the same level, copper sulfide first forms in the cracks 
and is followed by the appearance of crystals of copper on the 
copper nitrate side and of a yellow layer of solution containing 
polysulfide on the other side. Becquerel,! who first observed 
this phenomenon, believed it to be connected in some way with 
electroendosmose.? Thirty years after Becquerel’s discovery 
Braun* passed a high-potential current through capillaries such 
as cracked glass, using heavy metal solutions, and observed a 
deposition of metal on the side of the capillary turned toward the 
positive pole. This phenomenon, called ‘‘electrostenolysis,”’ 
is similar in certain respects to the Beequerel phenomenon and 
Coehn! believes it to be closely connected with electroendosmose. 

It is well known that colloidal particles will migrate in an elec- 
tric field in a direction depending on their charge. This is known 
as cataphoresis. If the particles are kept stationary, in other 
words, if a porous diaphragm of the particles separates the anodic 
and cathodic solution, an impressed potential will cause the 
liquid to move in a direction depending on the sign of the dia- 
phragm charge which, in turn, depends on the nature of the ion 
preferentially adsorbed by the diaphragm.> This phenomenon 
is called electroendosmose. The inner walls of the capillary in 
contact with the liquid is coated with an electrical double layer. 
With a glass capillary, the stationary layer on the glass is nega- 
tively charged, as a rule, owing to preferential adsorption of 
anions, while the movable layer in the liquid contains an excess 
of cations and so is positively charged. Under the influence of 
an electric current of sufficient voltage, the positively charged 
movable side of the double layer is torn away, leaving the end of 


1 Compt. rend., 64, 919, 1211; 65, 51, 720 (1867); 66, 77, 245, 766, 1066; 67, 
1081 (1868); 71, 197 (1870); 74, 1310 (1872); 76, 245 (1873); 78, 1081; 
79, 82, 1281 (1874); 80, 585 (1875); 82, 354 (1876); 84, 145; 85, 169 (1877). 

2 Cf., however, Ostwaup: Z. physik. Chem., 6, 71 (1890). 

3 Ann. chim. phys., 42, 450 (1891); 44, 473 (1892). 

4 Z. Elektrochem., 4, 501 (1898); Z. physik. Chem., 25, 651 (1898); Houmus: 
J. Am. Chem. Soc., 86, 784 (1914). 

5 PERRIN: J. chim. phys., 2, 601 (1904); Brerue and Toroporr: Z. 
physik. Chem., 88, 686 (1914); 89, 597 (1915); Grrarp: J. chim. phys. 17, 
383 (1919); Gypmant: Kolloid-Z., 28, 103 (1921). 
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the capillaries toward the anode charged negatively. On these 
cathodic points metals will deposit only in small amounts as a 
rule; first, because of the relatively small charge on the capillary 
wall and, second, because the minute deposit takes part in the 
conduction, one end becoming anode and losing as fast as the 
cathode end gains. But as Coehn points out, the quantity of 
metal can grow under certain conditions: first, if the metal is 
noble; second, if an insoluble compound, especially a peroxide, 
is formed at the anode side; and third, if the discharged anion 
instead of dissolving the metal, oxidizes ‘‘ous”’ to “‘ic”’ salts in 
the solution. 

In Becquerel’s experiment, Freundlich! points out that the 
two sides of the glass capillary will be oppositely charged by 
contact with the oxidizing and reducing solutions on the two 
sides. Now, as already noted, copper sulfide is first formed 
in the capillary and this salt is a fairly good metallic conductor. 
Local currents will therefore be formed which flow in one direc- 
tion through the capillaries and in the opposite direction through 
the copper sulfide as well. Just as in the case of electrostenoly- 
sis, an appreciable amount of metal can form on the cathodic 
portion of the capillary provided the conditions referred to above 
obtain. 

Rhythmic bands of cupric sulfide are formed when copper ion 
is allowed to diffuse into a gelatin jelly containing ammonium 
polysulfide.2 The bands are white in color at the outset but 
they gradually become darker, changing through green to brown. 
It seems unlikely that cupric sulfide should be white and the 
initial white precipitate is doubtless sulfur. It is not observed 
if ammonium sulfide is substituted for the polysulfide. 

Liesegang*® placed a strong sodium chloride solution contain- 
ing a little sodium sulfide in the bottom of a beaker; over this 
was placed a more dilute sodium chloride solution and finally 
a layer of very dilute cupric sulfate solution. After a time, the 
copper ion diffusing downward and the sulfur ion upward come 
in contact and form a thin layer of cupric sulfide which gradually 
settles down. A process similar to this is believed to account for 

1 “Kapillarchemie,” 371 (1922). 

2 HAUSMANN: Z. anorg. Chem., 40, 123 (1904). 

3Z. angew. Chem., 36, 229 (1923), 
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the copper sulfide deposit in certain lakes. In the salt water 
at the bottom of the lake, hydrogen sulfide is formed by the 
decay of organisms and by sulfur bacteria. During a flood, 
fresh water containing a little copper ion flows over this salt 
water. By diffusion, there is formed gradually a layer of copper 
sulfide which settles slowly to the floor of the lake. 

Various polysulfides of copper have been described having the 
formulas, CuS3,! CuySs, CusS3, and CuS;,? but the experimental 
evidence for their existence is altogether inconclusive. 


CUPRIC SULFIDE SOLS 


Hydrosols.—Colloidal cupric sulfide was first mentioned by 
Wright*® who prepared it by treating the precipitated salt with 
insufficient potassium cyanide for complete solution, filtering 
and washing the residue which was promptly peptized. Spring‘ 
first obtained a stable sol by washing the precipitated sulfide 
with hydrogen sulfide water until peptization was complete. 
The sol was brown when dilute and black with a slight greenish 
fluorescence when concentrated. It withstood boiling without 
precipitation but was quite sensitive to the presence of salts. 
The amorphous residue obtained on evaporating to dryness had 
the appearance of a black varnish. The dry sulfide was not 
peptized by washing even when the drying was done at ordinary 
temperatures. Linder and Picton® suspended hydrous cupric 
oxide in water through which hydrogen sulfide was passed until 
the oxide was converted into sulfide and peptization was complete, 
5 days being required. Young and Neal® started with suspended 
copper carbonate instead of the hydrous oxide. 

Muthmann and Stitzel’ made a fairly stable sol by passing 
hydrogen sulfide into a solution of potassium cupri thiosulfate, 
KeCu(S203)2. Lottermoser* obtained a very much more satis- 

1Roésstna: Z. anorg. Chem., 25, 407 (1900). 

2 Boproux: Compt. rend., 180, 1397 (1900). 

3 J. Chem. Soc., 48, 163 (1883). 

4 Ber., 16, 1142 (1883). 

5 J. Chem. Soc., 61, 120 (1892). 

68 J, Phys. Chem., 21, 14 (1917). 

7 Ber., 31, 1734 (1898). 

8 J. prakt. Chem., [2] 75, 293 (1907). 
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factory preparation by treating a saturated solution of copper 
glyeocoll with hydrogen sulfide. When the procedure was 
carried out in the cold, the sol was clear brown in color and was 
made up of very finely divided particles; when carried out in the 
boiling solution, the color was a deep olive green and the particles 
were distinctly larger. ‘The brown sol formed in the cold was 
changed to green by heating. The presence of glycocoll has a 
marked stabilizing influence on the sol, just as succinimide pro- 
tects hydrous cupric oxide sol when the latter is formed by 
hydrolysis of copper succinimide.! 

The removal of the excess hydrogen sulfide from sols prepared 
by the method of Spring or of Linder and Picton, decreases their 
stability appreciably. On the other hand, an excess of hydro- 
gen sulfide is said to decrease the precipitation value of electro- 
lytes for the sol.* The relative precipitating powers of KCl, 
CaCly, and AlCl; are in the approximate ratio 1:39:875. 

Peskov‘ observed the same lyotrope influence of the cation of 
neutral alkali salts on the solution of colloidal cupric sulfide as 
already noted with colloidal arsenic trisulfide.® 

Organosols.—Organosols of cupric sulfide are prepared by pass- 
ing hydrogen sulfide through dilute solutions of copper salts in an 
organic solvent. Thus Naumann‘ obtained a pyridine sol by the 
action of dry hydrogen sulfide on a dilute solution of copper 
chloride in pyridine; Lottermoser’? made an alcosol from a solu- 
tion of copper glycocoll in absolute alcohol and an ether sol from 
a solution of copper acetoacetic ester in ether; and Errera® pre- 
pared an alcosol from a solution of copper acetate in absolute 
alcohol. In general, the organosols are most stable when quite 
dilute but Errera’s alcosol was quite stable although it contained 
38.7 grams CuS per liter. 

Errera observed the time required to coagulate alcosols of 
mercuric sulfide, cupric sulfide, and platinum by the addition of 

1Lny: Ber., 38, 2199 (1905). 

2 Youne and Neat: J. Phys. Chem., 21, 18 (1917). 

3 MUKHERJEE and Sen: J. Chem. Soc., 115, 461 (1919). 

4 Kolloid-Z., 32, 24, 163 (1923). 

BOf. Dp. 2a: 

6 Ber., 37, 4612 (1904). 

7 J. prakt. Chem., [2] 76, 293 (1907). 

8 Kolloid-Z., 32, 240 (1923). 
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liquids of varying dielectric constant. One cubic centimeter of 
the aleosol containing 38.7 grams CuS per liter was added to 6- 
cubie centimeter portions of the several liquids and the observa- 
tions made as recorded in Table XIV. Experiments were also 
carried out with mixtures of the several liquids with varying 
quantities of ethyl aleohol. The observations disclose that the 
addition of liquids having a dielectric constant greater than the 
dispersing medium has no coagulating effect on the sol, while 
liquids with a dielectric constant smaller than that of the dis- 
persing medium coagulate the sols and, in most cases, the smaller 
the dielectric constant the greater is the coagulating power of the 


Taste XIV.—Action or Liquips oN CuprRic SULFIDE ALCOSOL 


Liquid sis Observations 
constant 

Wisi LETS artes) eisveue a os 81 Milky in 30 minutes, no further change 
in 127 hours 

Nitrobenzol.........| 35.5 No change in 127 hours 

Methyl aleohol...... 33.0 No change in 127 hours 

Hithyl alcohols... =... - 25.0 No change in 127 hours 

INCE acooaia sae sl) CAO) No change in 127 hours 

Isobutyl alcohol... .. 18.0 No change in 127 hours 

Tsoamyl alcohol. ..... Oat No change in 127 hours 

Amy] acetate........ 5.6 No change in 127 hours 

Chlorobenzene....... Dion Partial coagulation in 8 minutes; com- 
plete in 3.5 hours 

Chiloroform.......... 4.95 Partial coagulation in 96 hours, inecom- 
plete in 126 hours 

EeGh6r gous rhete ners on 4.36 Partial coagulation in 10 minutes; com- 
plete in 3.5 hours 

(Benzo leeeeiencnetn 2.29 Partial coagulation in 96 hours; incom- 
plete in 126 hours 

EXCV Ol tr tere sutton fee an 2.5 Incomplete coagulation in 7 minutes; 
complete in 3.5 hours 

1s (>.<: 0\c 1.85 Complete in 1 minute 


i) 
bo 
on 


Carbon tetrachloride. Incomplete in 1 minute; complete in 3.5 


hours 


added liquid. In general, if the dielectric constant of the dis- 
persed phase is greater than that of the dispersing liquid, the 
addition of a second liquid of lower dielectric constant increases 
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the difference between the dielectric constant of the two phases, 
thereby rendering the sol more stable. On the other hand, if the 
dispersed phase has the lower dielectric constant and if the 
dielectric constant of the medium is further decreased, two cases 
exist: (1) The difference in dielectric constant is slight, the 
initial additions decreasing the stability to a minimum followed 
by an increase in stability with further additions. (2) The 
dispersing phase may have a very low dielectric constant, addi- 
tions decreasing the stability both by decreasing the difference 
between the dielectric constant of the media and by lowering the 
charge on the submicrons. Cupric sulfide alcosol, both alone and 
when mixed with ten times its volume of benzene, is negatively 
charged. Agglomeration of the colloidal particles is always 
accompanied by the distinct color change from dark brown to a 
bright olive green. 


CoLLoipAL Cuprous SULFIDE 


When a solution of NaCuS,.O; is acidified, there is a period of 
induction followed by the appearance of red cuprous sulfide in 
colloidal solution. This subsequently precipitates giving a 
blood-red gel which turns successively brown, deep brown, green- 
ish black, and finally black. The length of the induction period 
depends on the nature and concentration of the acid and the 
concentration of NaCuS,0;. The chief cause of the phenomenon 
is the formation of colloidal sulfur, which inhibits the precipita- 
tion process. The use of ozonized hydrochloric acid, nitric 
acid, or perchloric acid which oxidize colloidal sulfur, cuts down 
the induction period. With a constant amount of acid and 
NaCuS,0;, the presence of increasing amounts of NaeS.O; 
decreases the induction period up to a certain point and then 
increases it. The hastening is attributed to the coagulating 
influence of the added salt on the colloidal sulfur; and the 
subsequent retarding at higher salt concentrations, to the destruc- 
tion of acid. 

Svedberg? prepared a sol of cuprous sulfide in isobutyl alcohol 
by electrical disintegration of the mineral, copper glance. 


1SampBamurtTz: Proc. Sct. Assocn. Maharajah’s College, Vizianagram, 
Dec. 10 (1922); Chem. Zentr., I, 1414 (1923). 
2“T)ie Methoden zur Herstellung kolloidaler Lésungen,” 490 (1909). 
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CoLLOIDAL SILVER SULFIDE 


Silver sulfide is precipitated as a black amorphous powder by 
the action of hydrogen sulfide or a soluble sulfide on a solution 
of silver oxide or salt. The precipitate from neutral silver 
nitrate solution always contains adsorbed sulfur which cannot be 
removed by carbon bisulfide.! Hantzsch? claims to have pre- 
pared silver disulfide, AgeSe, as a brown amorphous powder by 
adding a solution of sulfur in carbon bisulfide to a solution of 
silver nitrate in benzonitrile. If solvents other than benzonitrile 
are used, silver sulfide is obtained. Since the failure of carbon 
bisulfide to extract sulfur from the alleged disulfide is the chief 
evidence in support of its chemical individuality, there may be 
some question whether it is a true compound or a solution of 
Ag.S and 8S. 

Silver sulfide is formed by the action of moist hydrogen sulfide 
on metallic silver. According to Gans* the reaction proceeds 
rapidly at first, slows down after 200 hours, increases again after 
500 hours, and then continues at approximately constant 
velocity. Itis suggested tentatively that the decrease in velocity 
after 200 hours is due to the formation of a protective layer of 
amorphous sulfide which is subsequently ruptured or crystal- 
lizes, allowing the surface action to proceed more rapidly. This 
hypothesis should be tested experimentally by x-ray analysis of 
the protecting layer of sulfide. 

Unlike cupric sulfide which is a pure metallic conductor, 
B-silver sulfide stable below 179° is a mixed conductor, about 
80 per cent of the current being carried by silver ions and 20 per 
cent being conveyed as in a metallic conductor; the a modifica- 
tion, stable above 179°, is a pure electrolytic conductor.‘ 


SILVER SULFIDE SOLS 


The most stable hydrosols of silver sulfide are obtained by 
precipitating the salt in the presence of protective colloids such 


1 KonuscHtrrer and EypMann: Liebig’s Ann., 390, 347 (1912). 

2Z. anorg. Chem., 19, 104 (1899). 

3Z. physik. Chem., 109, 49 (1924). 

*TuBANT, Eacert, and Scuippe: Z. anorg. Chem., 117, 1 (1921); cf. 
Trimpuer: Z. physik. Chem., 99, 9 (1921). 
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as gum arabic,! casein,? albumin, dextrin, gelatin, and glue.? 
Paal and Voss‘ prepared very stable sols using a salt of protal- 
binic or lysalbinic acid as protective colloid. One gram of sodium 
“protalbinate”’ in 15 cubic centimeters of water is treated with an 
equivalent amount of silver nitrate, the precipitate of silver 
“yrotalbinate” is suspended in water and treated with ammonium 
sulfide. The sol of silver sulfide which results is dialyzed to 
remove excess electrolyte and evaporated to dryness in a vacuum 
desiceator. The amorphous residue is readily peptized by water 
giving a stable sol of any desired strength. 

A sol of silver sulfide is obtained without the use of a protective 
colloid by adding hydrogen sulfide to a dilute solution of silver 
nitrate.> Lottermoser® added a slight excess of N/40 sodium 
sulfide to NV /40 silver nitrate. 

Freundlich and Nathansohn’ obtained a silver sulfide sol by 
mixing Carey Lea’s silver sol with a sulfur sol. Both of the sols 
are negatively charged and the interaction takes place between 
the micelles. The transformation is accompanied by a change 
in colors: brown, wine red, violet, steel blue, greenish blue, 
greenish brown, and finally a pale yellowish brown. The 
color changes are probably due to micelles with varying amounts 
of silver, sulfur, and silver sulfide, as in the case of the photo- 
chlorides.2 A mixture of a solution of hydrogen sulfide and 
colloidal silver goes through similar color changes, finally giving 
colloidal silver sulfide. 

By passing hydrogen sulfide into a solution of silver nitrate as 
dilute as 0.002 normal a stable yellow sol of silver sulfide results. °® 
The fresh sol passes through a range of colors from yellow to 
green on adding electrolytes.!° Some observations of this 
phenomena are given in Table XV. Portions of 5 cubic centi- 


'Lerort and TuHrBavtr: J. pharm. chim., [5] 6, 169 (1882). 

2 MULLER and ARTMANN: Oéesterr. Chem. Ztg., 7, 149 (1904). 

3 Sarasny: Gerber., 33, 124 (1907); Chem. Zentr., II, 489 (1907). 
4 Ber., 37, 3862 (1904) 

5 WINSSINGER: Bull. soc. chim., [2] 49, 452 (1888). 

8 J. prakt. Chem., [2] 72, 39 (1905). 

7 Kolloid-Z., 29, 16 (1921). 

8 Cf. p. 226. 

9OpfiN: Nova. acta. Upsala, [4] 3, 4 (1913). 

10 Von Haun: Kolloid-Z., 27, 172 (1920). 
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meters each of the colloid were mixed with 5 cubic centimeters of 
electrolytes of varying concentrations, and the color of each was 
noted after standing 5 minutes. The concentration of electrolyte 
is given in milliequivalents per liter in the final mixture. It will 
be noted that the color depends on the concentration of elec- 


TaBLE XV.—CoLor CHANGES IN THE COAGULATION OF SILVER SULFIDE 
Sout By ELECTROLYSIS 


(Concentration in milliequivalents per liter) 


KCl HCl KNO; 
Concen- Cour Concen- Calor G oncen- Chinn 
tration tration tration 
| 
60 Yellow 80 Yellow 60 | Dull green 
80 Ice blue 100 Blue 80 Ice blue 
90 Blue 120 Violet 100 Violet 
100 Violet 140 Dull green 120 Brown red 
MgSO Als(SO«)s 
Concentration Color Concentration Color 
10 Yellow 1.5 Leaf green 
20 Violet ut! Blue 
40 Blue 3.0 Red 
80 Dull green 38.6 Dull green 


trolyte between fixed limits. Thus, for potassium chloride there 
is no change below 60 milliequivalents per liter, and the color is 
always brownish red above 110 milliequivalents per liter. The 
stability at the above stages of agglomeration is not great and 
complete coagulation results in a few hours. The precipitate is 
always dark brown, but if shaken up with the solution from which 
it separates, the suspension appears bluish from the blue and 
violet sols and reddish from the red and dull green sols. 

The age of the sol has a marked influence on the variety of the 
color changes during the flocculation of the sol. Thus, 5 hours 
after preparation no blue or green colors can be obtained; and 
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after 7 hours, no violet color. If allowed to stand 24 hours the 
sols change directly from yellow to reddish brown. 

The results indicate that the micelles of the sol increase in size 
spontaneously at least during the first 24 hours. Secondary 
particles of a wide variety of sizes may be produced by partial 
agglomeration of fresh sols with varying amounts of electrolytes. 
The difference in size of the secondary aggregates is probably the 
chief cause for the wide variety of colors observed. It is a 
mistake, however, to conclude a priori that the variation in 
color is due entirely to the size of the micelles. Thus, colloidal 
gold sols' can be obtained which are red, violet, or blue by trans- 
mitted light; and colloidal silver sols? which are yellow, red, or 
blue. In general, the micelles of the blue sols are larger than the 
red but this is not always the case. Another factor which may 
come in is the property which metals have of showing selective 
reflections and the same may be true for the metallic sulfides. 
Where there is selective reflection, some or all of the light which 
is absorbed strongly by a substance is reflected strongly from a 
polished surface of the substance. For example, the surface 
color of indigo is red while the body color, which is due to trans- 
mitted light, is blue. The surface color is probably due to 
resonance, the substance emitting the rays which it absorbs 
strongly. In discussing this phenomenon Bancroft* says: 


It seems probable that a very small granular particle might emit 
surface color by resonance on the opposite side from the source of light, 
in which case we should have the surprising phenomenon of a substance 
apparently transmitting the light which it absorbs most strongly. On 
the other hand, the amount of reflection from the back surface of a 
particle of the light ordinarily transmitted will be greater the less the 
thickness of the particle. Consequently, with fine particles there will 
be a more or less complete reversal of the usual colors. The light which 
is ordinarily reflected selectively will be transmitted by resonance, 
while the light which is ordinarily transmitted is scattered. 

Silver reflects yellow after multiple reflection, while with fewer reflec- 
tions the light is said to be red. A very fine colloidal solution transmits 
yellow and scatters blue, while somewhat coarser particles transmit red 

1ParADAy: Phil. Trans., 147, 145 (1857). 

2Lea: Am. J. Sci., [3] 37, 475 (1889). 

3“ Applied Colloid Chemistry,” 252 (1926). 

4 ReGNAvULT-Berton: “‘ Elements of Chemistry,’ 366 (1874). 
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and are blue by reflected light. The coarsest colloidal silver does not 
resonate and consequently is yellow by reflected light, transmitting blue 
light. This is exactly what should happen on the facts as stated. 


There are no data to show what part if any of the color of col- 
loidal silver sulfide sols is due to resonance. 

The appearance of the violet color in the flocculation of fresh 
sols is so sharp that von Hahn! compared the stability of sols 
prepared under different conditions by means of the ‘violet 
value”? which was taken arbitrarily as the concentration of elec- 
trolytes which is just sufficient to produce a certain shade of 
violet after 5 minutes standing (44 according to Ostwald’s color 
scale). The stability of the sol was found to increase with (1) 
length of time of treatment with hydrogen sulfide, (2) more rapid 
passing of hydrogen sulfide through the solution, and (38) higher 
temperatures of formation. In general, the optimum conditions 
for stability are those which cause the maximum rate of pre- 
cipitation and hence the greatest degree of dispersion. Von 
Hahn’s observations agree with those of Boutaric and Vuillaume 
on arsenic trisulfide sol already referred to.” 

The “‘violet value’ for different electrolytes gives the order of 
their precipitating power. From Table XV the ratio Als(SOx4)3:- 
MgsSO,: KCI: HCl is approximately 1:10:50:70. 

Pieroni® prepared a pyridine organosol of silver sulfide by 
treating a solution of silver nitrate in pyridine with hydrogen 
sulfide dissolved in pyridine. 


COLLOIDAL SULFIDES OF GoLp 


Gold Monosulfide.—Gold monosulfide is formed by passing 
hydrogen sulfide into a solution of aurous cyanide in potassium 
cyanide and then acidifying with hydrochloric acid. The finely 
divided steel-gray mass must be washed with water containing 
dilute hydrochloric acid, otherwise it is peptized, forming a 
perfectly clear sol.4. When dried it yields a brownish-black 
powder that cannot be peptized. A sol is obtained also by 
saturating with hydrogen sulfide a solution of aurous cyanide in 

1 Kolloid-Z., 29, 139 (1921). 

2 Cf. p. 19. 

§ PreRONI and Tonniout: Gazz. chim, ital., [1] 48, 198 (19138). 

4 HorrmMann and Kriss: Ber., 20, 2369 (1887). 
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potassium cyanide,! adding a little hydrochloric acid, and 
warming carefully until a brown turbidity is produced. On 
dialysis a stable deep-brown sol results which can be separated 
from the heavy undissolved sulfide by decantation and filtration. 

_ Auro-auric Sulfide.—Auro-auric sulfide, Au2S, is said to form 
when hydrogen sulfide is passed into a cold neutral solution of 
auric chloride;? but Gutbier and Diirrwachter* were unable to 
obtain the compound by this method and question its individ- 
uality. Whatever the substance may be it is readily obtained in 
colloidal solution. Thus Winssinger* added hydrogen sulfide to a 
solution of auric chloride as nearly neutral as possible and 
secured a sol containing 0.55 gram of sulfide per liter which was 
stable for several weeks. Schneider? made a more concentrated 
sol by treating the freshly precipitated sulfide with insufficient 
potassium cyanide or ammonium polysulfide for complete solu- 
tion, suspending the residue in water, and dialyzing. After the 
electrolyte concentration was reduced below a critical value, the 
suspended particles were peptized, giving a stable sol that was 
clear in both transmitted and reflected light. The precipitate 
formed by agglomerating the sol was reddish brown when moist 
and black when dry. 

An alcosol was prepared by mixing the hydrosol with three 
times its volume of alcohol, followed by dialyzing against absolute 
alcohol to remove the water. The alcosol was similar in appear- 
ance to the hydrosol but the former was more stable. 

Gold Trisulfide.—On account of the alleged instability of 
Au.S; in the presence of water, this salt was first prepared in the 
dry way or precipitated from non-aqueous media. Thus Antony 
and Lucchesi’ passed dry hydrogen sulfide over lithium auric 
chloride at —10° and Hofmann and Hochtlen’ precipitated the 
compound as a dark brown mass by the interaction of auric 
chloride and hydrogen sulfide in absolute ether. Gutbier and 

1ScHNEIDER: Ber., 24, 2241 (1891). 

2? HOFFMANN and Kriss: Ber., 20, 2704 (1887); Anrony and Luccuest: 
Gazz. chim. wtal., 19, 545 (1890); Dirrn: Compt. rend., 120, 320 (1895). 

3 Z. anorg. Chem., 121, 266 (1922). 

4 Bull. soc. chim., [2] 49, 452 (1888). 

5 Ber., 24, 2241 (1891). 

6 Gazz. chim. ital., 19, 545 (1890). 

7 Ber., 37, 245 (1904). 
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Diirrwichter! claim to get AueS; instead of AuoS, by passing a 
rapid stream of hydrogen sulfide into an aqueous solution of gold 
chloride at —2°. With a slow stream of hydrogen sulfide at 100° 
the trisulfide first formed reacts with the excess of gold chloride 
giving metallic gold. The precipitate obtained under intermedi- 
ate conditions is said to be a mixture of AueS3; and Au, no AueS». 
being formed by any modification of the procedure. These 
recent observations raise the question of the individuality of 
AuS. and suggest that the alleged Au2Se2 precipitate and sol 
referred to in the preceding paragraph, are mixtures of Au.S3 
and Au. 
1Z. anorg. Chem., 121, 266 (1922). 


CHAPTER V 


THE COLLOIDAL SULFIDES OF ZINC, CADMIUM, AND 
MERCURY 


CoLLoIDAL Zinc SULFIDE 


The gel of zine sulfide is obtained by precipitating neutral, 
slightly acid, or alkaline solutions of zine salts by hydrogen sulfide 
or alkali sulfides. The gel precipitated by hydrogen sulfide from 
a zine sulfate solution at 0° is amorphous, the x-ray photograph 
showing only a broad band; but when the gel is digested for 
several days on the water bath, sharp interference lines show up, 
indicating that crystallization has taken place.!_ These crystals 
are submicroscopic since Allen, Crenshaw, and Merwin? found 
no microscopic evidence of crystalline structure in any gel pre- 
cipitated and digested under ordinary laboratory conditions.* 
Microscopic crystals are formed only by prolonged digestion of 
the gel in platinum tubes with sodium sulfide or sulfurie acid in 
the presence of an excess of hydrogen sulfide at temperatures 
varying from 200 to 350°. The crystals formed by digestion 
with sodium sulfide are always the common sphalerite or blende 
while both sphalerite and wurtzite are formed in the digestion 
with acid. At a given temperature the amount of wurtzite 
formed is greater the higher the acid concentration, and at a 
given acid concentration the amount of sphalerite is greater the 
higher the temperature. 

Owing to the solubility of gelatinous zine sulfide, the salt is 
not precipitated completely unless the hydrogen ion concentration 
isratherlow. Allen, Crenshaw, and Merwin‘ found, however, that 

1 Boum and NicuassEn: Z. anorg. Chem., 182, 1 (1924). 

2Am. J. Sci., [4] 34, 351 (1912). 

3Cf., however, Baupiany: Compt. rend., 148, 678 (1906); ViLLiERs: 
Ibid., 120, 149, 188, 498 (1895); SranuK: Z. anorg. Chem., 17, 117 (1898). 

4Am. J. Sct., [4] 34, 355 (1912); Gurxeiir: Z. anorg. Chem., 55, 297 
(1907). 
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Taste XVI.—Action or H.S at 1 ArmospHERE ON 0.2 N ZNSO,g wiTH 
VARYING CONCENTRATIONS OF H2SO, 


Normality of H:SO,4 , oa ; 
Approximate Zinc in solution 
time before pre- after 10 days 
Beso. oe ; cipitation started normality 
precipitation precipitation 

0.1 0.300 1 minute 0.0000 
0.2 0.398 5 minutes 0.0031 
0.5 0.691 25 minutes 0.0089 
1.0 1.1838 a few hours 0.0338 
1 5 1.609 3 days 0.0923 


precipitation takes place on long standing from solutions which 
are quite strongly acid. This is shown by the data recorded in 


10 


Ss 
fora) 


Zinc in Solution, Normality 
oO 
for) 


o 
> 


0.2 0.4 0.6 0.8 10 Me 14 16 18 
Concentration of Sulfuric Acid after Precipitation, Normality 


Fia. 8.—Influence of free acid on the precipitation of zine sulfide. 


Table XVI and shown graphically in Fig. 8. Thus precipitation 
is complete in 10 days or less from 0.3 normal H.SO, and 98.5 
per cent complete from 0.4 normal H.SO,. The time interval 
before precipitation starts increases with increasing concentra- 
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tion of acid. In spite of the slowness with which the precipitate 
forms, the product is always a gel containing no microscopically 
visible crystals. On the other hand, the gel obtained by slow 
precipitation or by ageing contains much larger particles than a 
fresh, rapidly formed gel and the former is much less soluble 
than the latter.! 

In analytical practice the best hydrogen ion concentration for 
complete precipitation is between pH = 2 and pH = 3.2. At 
lower pH values the precipitation is too slow or is incomplete 
and at values higher than pH = 3 the precipitation is so rapid 
that the slimy gel produced is very difficult to filter. Higher 
acid concentrations can be used, of course, provided the hydrogen 
sulfide pressure is increased.* Quantitative precipitation is 
usually carried out in solutions of acetic acid (containing sodium 
acetate),4 tartaric acid,’ formic acid,® thiocyanic acid,’ or 
dilute mineral acids. The precipitates are always so gelatinous 
that filtration is difficult or slow. To facilitate the process, 
Jander and Stuhlmann*® recommend the so-called membrane 
filters? supplied by de Héen. Schilling’? claims to get more 
granular precipitates from a solution containing benzene 
sulfonic acid. 

A zine sulfide gel is obtained by the action of sodium thiosulfate 
on a solution of zine salt in the cold or at 100°;'! and by the 
alternating-current electrolysis of sodium thiosulfate solution 
with zine electrodes.'* It is also formed by direct-current elec- 


1Brunitand ZawaDskti: Bull. acad. Krakow, 296 (1909); Z. anorg. Chem., 
65, 136 (1910); Bruni and Papoa: Atti accad. Lincet, [5] 14, II, 525 (1905). 

2 Fates and WarzE: J. Am. Chem. Soc., 41, 488 (1919). 

3 Bruni and Papoa: Atti accad. Lincet, [5] 14, Il, 525 (1905). 

4VituiERS: Compt. rend., 108, 236 (1889). 

6 AuT and ScuuuzE: Ber., 22, 3259 (1889). 

6 Fates and WARE: J. Am. Chem. Soc., 41, 487 (1919). 

7 ZIMMERMANN: Liebig’s Ann., 199, 1 (1819). 

8Z. anal. Chem., 60, 289 (1921); cf., also, Mosmr and Kirti: Chem. Zig., 
44, 637 (1920). 

9ZSIGMONDY and BACHMANN: Z. anorg. Chem., 108, 119 (1918); Zsia- 
MONDY and JANpDER: Z. anal. Chem., 58, 241 (1919); JANDER and JANDER: 
Ibid., 63, 273 (1923). 

10 Chem. Ztg., 36, 13852 (1912). 

11 ALLEN, CRENSHAW, and Merwin: Am. J. Sci., [4] 34, 351 (1912). 

12m Buanc and Scuick: Z. physik. Chem., 46, 213 (1903). 


86 THE COLLOIDAL SALTS 


trolysis of an ammonium chloride solution using a zine cathode 
and an anode of zine coated with sulfur.' 

The freshly formed gel of zine sulfide contains a great deal of 
adsorbed water. If dried under suitable conditions, compositions 
corresponding to hydrates such as 2ZnS-H.O, 3ZnS - H.O, 
4ZnS -H.0, 3ZnS -2H.O, and ZnS - H.O can be obtained but 
it is probable that each one is merely a hydrous sulfide whose 
composition is the accidental result of the conditions of drying. 

Zinc sulfide is a valued white pigment, both alone and when 
mixed with barium sulfate to give the commercial product known 
as lithopone. Unless special precautions are taken in the prepara- 
tion of the pigments, they darken on exposure to light. The 
formation of the technical products and the cause of the blacken- 
ing in light are considered in Chap. VIII on Lithopone. The 
phosphorescence of zine sulfide is also discussed in a separate 
chapter (p. 156). 

Owing to the solubility of zine sulfide in acid solution, fibers 
impregnated with the salt may be employed in the microchemical 
detection of a number of metals which give colored sulfides.” 
Chamot and Cole*® dipped swollen wool fibers alternately in zine 
acetate, which is fairly strongly adsorbed by the fibers, and 
sodium sulfide, thereby obtaining fibers which are sensitive to 
0.001 milligram of copper. To make the test, a drop of the 
unknown solution is placed on an object glass and acidified 
with a drop of dilute hydrochloric acid. Into the drop is placed 
a small piece of the impregnated wool fiber which is subse- 
quently examined under the microscope for color change. 


ZINC SULFIDE SOLS 


A gel of zine sulfide freshly formed in the cold is easily peptized 
by removing the adsorbed salts by washing.4 Even when 
precipitated hot and allowed to stand several hours, the quan- 
titative analyst must have ammonium sulfide or ammonium 


‘Grirritn: German Patent, 332199 (1921); GMeury: “Handbuch anorg. 
Chem.,”’ [8] 32, 196 (1924); cf. also JacottioT: French Patent, 415605 (1910); 
Chem. Abstr., 6, 1884 (1912). 

* Euicu and Donau: Liebig’s Ann., 351, 432 (1907). 

3 Ind. Eng. Chem., 10, 48 (1918). 

4 DonniNI: Gazz. chim. ital., 24, I, 219 (1894). 
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chloride in the wash water to prevent sol formation. For 
obtaining more concentrated sols, the gel is thrown down from 
an ammoniacal solution with hydrogen sulfide, washed by 
decantation and suspended in water through which hydrogen 
sulfide is passed until peptization is complete. This procedure 
may be modified by suspending freshly precipitated hydrous zinc 
‘oxide in water into which hydrogen sulfide is conducted until the 
oxide is completely transformed into an opalescent zine sulfide 
sol. The excess hydrogen sulfide may be removed by heating 
to boiling, but prolonged heating decreases the stability and may 
cause precipitation. In the latter event, repeptization can be 
effected by treating with hydrogen sulfide, but the process 
requires more time with the aged gel than with a freshly formed 
one.2 The peptizing action of hydrogen sulfide increases with 
the pressure up to 1.5 to 2 atmospheres, above which it appar- 
ently decreases slightly. 

A pale opalescent sol is formed by the action of NaHS on a 
dilute solution of zine sulfate. Miiller® was unsuccessful in an 
attempt to prepare a stable sol by the interaction of ammonium 
sulfide and zine sulfate in the presence of a large amount of 
glycerin. The increased viscosity slows down the reaction 
but the sulfide precipitates as a gel after a few days. The 
stability of the sol is increased enormously if prepared in 
the presence of protective colloids, such as gum arabic® 
and gelatin.’ 

An x-radiogram of a zine sulfide sol prepared by Winssinger’s 
method showed the colloidal particles to possess a crystalline 
structure.’ A dilute sol appears clear in transmitted light while 
a concentrated sol possesses an orange-red color and shows a 
bluish fluorescence. The gel which precipitates from the sol 
either spontaneously or by the action of electrolytes is not a 


1 WINsSINGER: Bull. soc. chim., [2] 49, 452 (1888). 

2 VituiERs: Compt. rend., 120, 149, 188 (1895). 

3 Youne and Gopparp: J. Phys. Chem., 21, 1 (1917). 

4THomson: Ber., 11, 2044 (1878); von Zorra: Monatsh, 10, 807 (1899). 
® Chem. Ztg., 28, 357 (1904). 

6 Lerort and Turpautt: J. pharm. chim., [5] 6, 169 (1882). 

7 ALEXANDER: U.S. Patent, 1259708 (1918). 

8 Haper: Ber., 65B, 1730 (1922). 
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hydrosulfide such as 7ZnS - H.S or 12ZnS - H,S! but is zine sulfide 
with adsorbed hydrogen sulfide.” 


CoLLOIDAL CADMIUM SULFIDE 


A highly hydrous gel of cadmium sulfide is precipitated by the 
action of hydrogen sulfide or of alkali sulfides on a cold solution 
of a cadmium salt. Although the sulfide appears to be amor- 
phous, an x-radiogram?’ of the gel obtained at 0° shows broad 
interference bands and of the gel thrown down at room tempera- 
ture gives fairly sharp interference rings, indicating that the 
tendency for cadmium sulfide to form submicroscopic crystals is 
more marked than for the corresponding zine salt. Microscopic 
crystals are obtained by precipitation or digestion at higher 
temperatures. Thus a gel formed at 100° from a solution con- 
taining 1 gram of CdSO, in 50 cubic centimeters of 30 per cent 
H.SO, contains some doubly refracting needles; and a gel pre- 
cipitated from a solution containing 2 grams CdSQ, in 20 cubic 
centimeters of 30 per cent H2SO, gives crystals 0.5 millimeter 
long, identical with the mineral greenockite, after digestion in the 
mother liquor for 3 days at 180°.4 Similarly, a gel digested at 
150 to 200° with ammonium sulfide, which has a slight solvent 
action, yields large crystals similar to greenockite.°® 

For complete precipitation of cadmium sulfide, the solution 
must be saturated with hydrogen sulfide since prolonged action of 
acids, even in the cold, dissolves appreciable amounts 
of the salt.6 The equilibrium constant of the reaction CdSO, + 
H28 < CdS + H.SO, from solubility determinations in approxi- 
mately molar H,SO, containing a very little H»S isk = 6.6 X 10-6 
for the sulfide from CdCl, and 4.6 X 10-7 for the sulfide from 
CdSO.. Approaching the equilibrium from the left by pre- 


1Lrnppr and Picton: J. Chem. Soc., 61, 114 (1892). 

2VaN BEMMELEN: Z. anorg. Chem., 28, 337 (1900). 

3’ Haper: Ber., 55B, 1730 (1922); BOum and Nicuassen: Z. anorg. 
Chem., 182, 1 (1924). 

* ALLEN, CrensHaw, and Murwin: Am. J. Sci., [4] 34, 362 (1912); ef. 
BauBiany: Compt. rend., 142, 577 (1906). 

STANEK: Z. anorg. Chem., 17, 117 (1898). 

6Sruui: J. Am. Chem. Soc., 23, 512 (1901); Bruni and Papoa: Atti 
accad. Lincet, [5] 14, II, 525 (1905). 
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cipitation studies, the constant is k = 1.6 * 10-%! The varia- 
tion from a constant value is not due to the existence of two dif- 
ferent modifications of cadmium sulfide, as Bruni assumes, but 
to variation in the size of the particles. The particles form more 
slowly, are larger, and hence are less soluble from a cadmium 
chloride solution than from a cadmium sulfate solution. 

A gel of cadmium sulfide is also obtained by the action of 
sodium thiosulfate on a solution of cadmium salt at the boiling 
point;? by the electrolysis of a solution of Na2S.O; containing 
a little NaCl, with a cadmium anode and an indifferent cathode; 
and by the alternating current electrolysis of 10 per cent NaoS.O3 
solution with cadmium electrodes.* A more satisfactory elec- 
trolytic method appears to be the electrolysis of a sodium sulfate 
solution with a cadmium anode and a cathode consisting of a 
mixture of copper sulfide and sulfur. The electrolytic methods 
have been suggested for the technical formation of cadmium 
yellow and will be referred to again in the chapter on pigments. 

In general, the color of cadmium sulfide gel is light yellow when 
thrown down from cold solutions of low cadmium content by 
hydrogen sulfide or by alkali sulfides, whereas the color is a deep 
orange when precipitated from hot acid cadmium solutions with 
hydrogen sulfide or by boiling cadmium solutions with an excess 
of sodium thiosulfate. Microscopic crystals likewise vary in 
color from clear yellow to orange. The cause of the variation in 
color will be considered in detail in a subsequent chapter.°® 

Precipitated cadmium sulfide is always contaminated by anions 
in the solution from which it separates. The determination of 
cadmium as sulfide, especially in the presence of sufficient, 
hydrochloric acid to ensure its separation from zine, has long been 
regarded as a useless method because of the chloride carried down 
with the precipitate Treadwell’ attributes the contamination 
to the formation of a double salt, CdS-CdCle, in varying 
amounts depending on the acid concentration and the tempera- 

1 Bruni and Zawapskt: Bull. acad. Krakow., 296 (1909). 

2 Donatu: Z. anal. Chem., 40, 141 (1901). 

3 Ricuarps: Trans. Am. Electrochem. Soc., 1, 221 (1902). 

4Lorpenz: Z. anorg. Chem., 12, 442 (1896); BernreLp: Z. physik. Chem., 
25, 46 (1898). 


yee, ints 
6 TREADWELL-HALL: “Analytical Chemistry,” 2, 191 (1912). 
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ture and pressure at which the precipitation is carried out. 
Egerton and Raleigh! believe the precipitate to have a constant 
composition when thrown down at 80° from a solution containing 
4 cubic centimeters of concentrated hydrochloric acid in 100 
cubic centimeters, and washed with an unspecified, definite 
quantity of water. Under these conditions, the precipitate is 
said to contain 8.16 per cent of the alleged salt, CdS - CdCl; 
hence, in determining cadmium quantitatively by weighing the 
sulfide, the molecular weight of the precipitate is taken to be 
147.4 instead of 144.47 for pure cadmium sulfide. 

Since conclusive evidence of the existence of a definite double 
salt CdS - CdCl, is lacking, it is probable that the contamination 
of the sulfide gel is due to adsorption of cadmium chloride in 
varying amounts depending on the conditions. To test this 
hypothesis,? hydrogen sulfide at room temperature was passed 
into a definite volume of solution containing a constant 
amount of cadmium chloride and varying amounts of hydro- 
chloric acid. The precipitate was filtered on a Gooch crucible, 
washed until the wash water gave no test for chloride and then 
analyzed for the chlorine content. The results are given in 
Table XVII and shown graphically by curve A of Fig. 9. The 


TaBLE XVII.—ApDSsORPTION OF CHLORIDE BY CADMIUM SULFIDE 
PRECIPITATED AT 25° (Fia. 9, Curve A) 


Cubic centimeters . f 
N/10 CdCl, | Finalnormality | Chlorine Cl 
total volume, 75 of HCl pase Gastric) 
; are milligrams 

cubic centimeters 
25 0.083 3.61 2.00 
25 0.068 4.67 2.59 
25 0.121 6.44 3.51 
25 0.156 7.64 4.23 
25 0.209 8.15 4.51 
25 0.349 9.47 5.24 
25 0.419 9.96 5.52 
25 0.507 9.45 5.23 
25 0.596 9.23 owl 
25 0.664 6.74 3.73 


LL 


1 Corresponding to 25 cubie centimeters of N/10 CdCls. 
1 J. Chem. Soc., 123, 3019 (1923). 
2 Weiser and Durnam: J. Phys. Chem., 32 (1928). 
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filtrates were tested for completeness of precipitation by render- 
ing them alkaline with ammonia and saturating with hydrogen 
sulfide. With the most acid solution a faint yellow coloration 
was noted but no precipitate. The amount of cadmium required 
to produce this coloration was found to be negligible as com- 
pared with the total amount of precipitate. 

An attempt was made to repeat the above observations at 80° 
as recommended by Egerton and Raleigh, but precipitation was 


12 


10 


© 
25 Degrees 


9 
80 Degrees to 
25|Degrees 


Adsorption of Chlorine, Milligrams 


Nn 


Ga Nt 0.2 03 04 05 06 0.1 
Concentration of Hydrochloric Acid, Normality 
Fia. 9.— Adsorption of chlorine by cadmium sulfide. 


found to be far from complete. Accordingly, the several solu- 
tions were heated to 80°, removed from the source of heat, and 
hydrogen sulfide conducted through continuously while they 
cooled down to room temperature. The precipitates were 
washed and analyzed for chloride with the results given in Table 
XVIII and shown graphically in curve B of Fig. 9. 

Referring to curve A, it will be seen that the amount of chlorine 
in the precipitate does not increase continuously with the con- 
centration of hydrochloric acid but exhibits a maximum. This 
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Taste XVIII—ApsorpTion or CHLORIDE BY CADMIUM SULFIDE 
PRECIPITATED BETWEEN 80 AND 25° (Fic. 9, CurvE B) 


SS 


Cubic centimeters : 

of N/10 CaCl, | Final normality ce PGhn ge 

total volume, 75 of HCl aeons Casi * 

: ae milligrams 

cubic centimeters 
25 0.033 2.88 1.59 
25 Oa Al 4.52 200 
25 0.209 5.06 2.80 
25 0.279 3.64 PARE 
25 0.349 Py tsi 1.59 
PAB 0.419 5.38 2.98 
25 0.507 5.58 3.09 
25 0.664 4.59 2.54 


1 Corresponding to 25 cubic centimeters of N/10 CdCl. 


maximum is due to a visible change in the physical character of 
the precipitate from a floeculent to a distinctly granular structure. 
The curve is thus a typical adsorption curve showing a maximum 
due to a physical change in the adsorbent.! 

Curve B for the second series of experiments lies under curve A, 
as would be expected since the temperature at which the precipi- 
tation starts is higher, hence the precipitate is more granular and 
the adsorption is less. With increasing concentration of acid, the 
adsorption of chloride increases so that the first part of curve B is 
very similar to that of curve A, and for the same reason. But 
when the acid reaches a concentration in the neighborhood of 
0.3 normal, the amount of cadmium sulfide precipitated in the 
hot decreases with a corresponding increase in the amount 
precipitated at lower temperatures. This means a larger amount 
of finely divided particles and a correspondingly greater adsorp- 
tion which rises to a second maximum. This behavior would be 
difficult to explain on the basis of double salt formation but is 
readily accounted for by considering the contamination as a 
case of adsorption. The final concentration of acid recom- 
mended by Egerton and Raleigh was approximately 0.5 normal. 
This might appear to account for the constancy of composition of 
their precipitates since curve B is relatively flat when the hydro- 
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chiorie acid concentration is in the neighborhood of 0.5 normal. 
However, the chlorine content under these conditions corresponds 
to 12.2 per cent of the alleged double salt instead of to 16.5 per 
cent as calculated from Egerton and Raleigh’s results. The 
difference is, of course, in the conditions of the precipitation. 


CADMIUM SULFIDE SOLS 


A sol of cadmium sulfide is best prepared by precipitating an 
ammoniacal solution of CdSO, or CdCl,! with hydrogen sulfide, 
washing the precipitate by decantation, and suspending in water 
through which hydrogen sulfide is conducted until peptization is 
complete. The excess hydrogen sulfide can be removed by 
boiling. 

A sol is obtained directly by conducting hydrogen sulfide into a 
solution of cadmium sulfate, provided the concentration is no 
stronger than 0.0002 molar.” Such a preparation is not very 
stable but the stability may be increased by the presence of 
casein, gum arabic,*? soaps,‘ and probably by sugar, since the 
latter is adsorbed by the colloidal particles.* If a solution of a 
cadmium salt is poured on a 5 per cent gelatin gel containing 
sodium sulfide, the cadmium ion diffuses into the gel precipitating 
a clear, golden yellow, transparent layer of sol. 

The sol prepared by Prost’s method is a beautiful golden yellow 
in transmitted light and is somewhat fluorescent in reflected light. 
Dilute sols are quite stable for a considerable time but a prepara- 
tion containing as much as 11 grams per liter precipitates in 24 
hours. The particles are negatively charged,® the ratio of the 
precipitating power of the sulfates of potassium, aluminum, and 
cadmium being 1:140:150. The high precipitating power of 
cadmium salts is doubtless due to removal of the stabilizing 
electrolyte, hydrogen sulfide. Plant and animal fibers are 

1Prost: Bull. acad. roy. méd. Belg., (3) 14, 312 (1887); J. Chem. Soc., 


54, 653 (1388). 
2Mvcuiprum: Chem. News, 79, 170 (1899); Vanino and Hartu: Ber., 37, 


3622 (1904). 

*Miitier and ArrmMann: Oesterr. Chem. Ztg., 7, 149 (1904). 

4 BHATNAGAR, Prasap, and Banu: Quart. J. Indian Chem. Soc., 2, 11 
(1925). 


* Prasap, Suervasrava, and Guera: Kolloid-Z., 37, 101 (1925). 
6 Birtz: Ber., 37, 1101 (1904). 
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colored by colloidal cadmium sulfide;+ but the color is not 
adsorbed sufficiently strongly to serve as a dye. 

A benzine sol of cadmium sulfide may be prepared by triturat- 
ing the gel with heavy oil and shaking the mixture with the 
light petroleum distillate? Oleates may be used as protective 
colloids in the preparation of zine and cadmium sulfide sols in 
benzene, toluene, benzine, and linseed oil.* 


CoLLomaL Mercuric SULFIDE 


A black mercuric sulfide gel is thrown down by the action of 
excess hydrogen sulfide on a mercuric salt in an acid or neutral 
solution. The tendency for the precipitated sulfide to form 
microcrystals increases with increasing atomic weight in the 
zine-cadmium-mercury family, the gel of mercuric sulfide thrown 
down at 0° giving an x-radiogram characteristic of a crystalline 
structure.‘ The black crystals possess the eubie structure similar 
to zine blende and identical with the mineral metacinnabarite. 

When mercuric chloride is precipitated with hydrogen sulfide 
or asoluble sulfide, the precipitate may be first white, then yellow, 
and finally black. The white precipitate is 2HgS - HgCls, the 
black is HgS, and the yellow is a mixture of the two.® If an 
excess of sodium sulfide is added, a sol is formed which is yellow 
at first and then changes to black.® 

Black mercuric sulfide is also obtained by the action of mercuric 
chloride on a solution of sodium thiosulfate at concentrations in 
which the ratio of HgCls to NaoS.Os; lies between 2:3 and 1:4. 
At higher thiosulfate concentrations red mercuric sulfide is precipi- 
tated.’ The black gel is formed by the alternating-current elec- 
trolysis of hot sodium thiosulfate solution with mercury elec- 
trodes. Since the alternating current causes the mercury to 
vibrate, the surface of the latter is kept free from precipitated 

1 Brurz: Chem. Zenir., I, 1039 (1904). 

*Van Dorp and Ropensure: Chem. Weekblad, 6, 1038 (1909). 


*BrcuHoLtp and Szipon: Kolloid-Z. (Zsigmondy Festschrift) 36, 259 
(1925). 

‘Boum and Niciassen: Z. anorg. Chem., 182, 1 (1924). 

* Jotrpois and Bouvier: Compt. rend., 170, 1497 (1920). 

® Morosow: Kolloid-Z., 36, 21 (1925). 

7 ALLEN, CRENSHAW, and Merwin: Am. J. Sei., [4] 84, 351 (1912). 

S WEISER: J. Phys. Chem., 22, 77 (1918). 
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sulfide; hence, the current efficiency is much higher than obtains 
in the alternating-current electrolysis with zine and cadmium 
electrodes under similar conditions. Moreover, the mercury 
electrodes are uniform and the experimental conditions are 
therefore reproducible. In Fig. 10 the current efficiency at 
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Efficiency of electrolysis of sodium thiosulfate solutions with mercury 
electrodes and a 60-cycle alternating current. 


Fig. 10. 


varying concentrations of electrolyte and at varying current 
densities is shown for a 60-cycle alternating current. The 
marked falling off in the efficiency with thiosulfate solutions 
stronger than 35 per cent is due to the rapid action of the hot 
electrolyte on the mercury, forming a film which prevents the 
rhythmical pulsations of the surface. 
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Red mercuric sulfide or cinnabar is the stable modification at 
all temperatures up to its sublimation point, about 580°. It is 
formed from the black gel by digesting the latter with alkali or 
ammonium sulfide. The process consists in the solution of the 
black regular form and the subsequent precipitation of the less 
soluble red hexagonal modification. The red sulfide precipi- 
tates directly when Hg(SH)CNS is boiled with concentrated 
NH.CNS or when hydrogen sulfide is conducted into a warm 
mercuric salt solution in the presence of acetic acid and excess 
NH,CNS or CS(NHz2)2.!' The interaction of mercuric chloride 
and concentrated sodium thiosulfate gives a red sulfide which 
Allen, Crenshaw, and Merwin took to be a third allotropic 
modification; but x-radiograms proved it to be identical with 
cinnabar.22~ When properly prepared, red mercuric sulfide 
furnishes a valuable red pigment known as vermilion.® 

When zine sulfide and manganese sulfide are precipitated 
together, a mixture is obtained from which manganese sulfide 
cannot be dissolved by acetic acid. A mixed precipitate of zinc 
sulfide and mercuric sulfide cannot be freed from mercury by 
digesting with sodium sulfide; conversely, mercuric sulfide 
precipitated from acid solution in the presence of zine, contains 
about 3 per cent of zine. Moreover, a cadmium solution so 
strongly acid that no precipitate is obtained with hydrogen 
sulfide will precipitate a great deal of the cadmium sulfide on 
adding a small amount of mercury solution. Feigl* attributes 
this behavior to the formation of what he terms iso- or hetero- 
polymers. While one cannot deny the possible existence of 
mixed salts such as 2HgS- Mn§, it is probable that in many 
instances the contamination is due to adsorption, 


MERCURIC SULFIDE SOLS 


The sol of mercuric sulfide is easily prepared by washing the 
black loose gel with water and suspending in water through which 


‘ VENKATARAMAIAH and Rao: J. Sci. Assocn. Maharajah’s College, 1, 41 
(1923); Chem. Abstr., 18, 626 (1924); cf. Atvisi: Atti accad. Lincei, 7, 97 
(1898). 

* KOLKMEVER, Bisvont, and Karssen: Ree. trav. chim., 43, 894 (1924). 

Heep. LLS. 

4Z. anal. Chem., 65, 25 (1924), 


ZINC, CADMIUM, AND MERCURY 97 


a rapid current of hydrogen sulfide is passed.! If the gel has 
aged until it possesses a metallic appearance with a greyish tinge, 
peptization is accomplished with difficulty if at all. Excess 
hydrogen sulfide may be removed by boiling, but it is better to 
wash with hydrogen. The concentrated sol is deep black while 
the dilute sol is brown with a greenish fluorescence in reflected 
light. 

A sol results on conducting hydrogen sulfide into a cold satu- 
rated solution of mercuric cyanide.? Owing to the low ionization 
of hydrocyanie acid, it has only a slight precipitating action; but 
the sol is more stable when the impurity is removed, preferably 
by distillation under reduced pressure in an atmosphere of hydro- 
gen sulfide. An alcosol can be prepared in a similar way by 
conducting dry hydrogen sulfide into an alcoholic solution of 
mercuric cyanide* and dialyzing against pure alcohol, using a 
membrane of parchment or collodion.! 

The sodium salts of lysalbinic and protalbinic acids may be 
used as protective colloids in preparing a stable sol for medicinal 
purposes.° When injected intravenously the sol is quite rapidly 
coagulated and becomes attached to the tissues. If the injection 
is subcutaneous, the sulfide remains in the subcutaneous tissue 
but if it is injected intravenously, the salt appears in the liver, 
spleen, bone marrow, and lungs from which it is absorbed slowly. 
Its administration is said to facilitate the healing of syphilitic 
lesions.® 

Adsorption during Precipitation.—The adsorption of cations 
during the precipitation of negative mercuric sulfide is less than 
with the more hydrous arsenic trisulfide sol. Freundlich and 
Schucht’ determined the precipitation values for a number of 
salts and the adsorption of cations at the precipitation value 
in an attempt to show that equivalent amounts of all cations are 


1 WinssinGER: Bull. soc. chim., [2] 49, 452 (1888); FreuNpLIcH and 
Scuucut: Z. physik. Chem., 86, 641 (1913). 

2LorrerMosER: J. prakt. Chem., [2] 75, 293 (1907). 

3HrreERA: Kolloid-Z., 32, 240 (1923). 

4OstwaLp and Watski: Kolloid-Z., 28, 228 (1921). 

5 WOLVEKAMP: British Patent, 188772 (1921). 

6 QUATTRINI: Chem. Abstr., 10, 640 (1916); SappaTant: Jbid., 11, 1206 
(1917). 

7Z. physik, Chem., 86, 641 (1913). 
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adsorbed at this concentration. Their observations are recorded 
in Table XIX. Since the adsorption values vary all the way from 
0.004 to 0.050 milliequivalent per gram, the results would seem 
to disprove the assumption.! While the precipitation values of 


TaBLE XIX 
BSC eee he Precipitation | Concentration 
Cation Ne so value, of colloid, 
value, rs i 
milliiequtealen? millimols grams per liter 
NILE Orstaies pe bese ance See 0.050 10.20 134 
Ag oe a wee 0.020 0.28 TIN: 
INewamas enters iann tee 0.008 0.097 13.74 
Bnilliantiereen een 0.004 0.048 8.38 
AUT EAN On seee ae ese 0.011 0.094 10.05 
Methylene blue......... 0.007 0.097 14.96 
Ba.. 0.044 0.510 8.29 
Cu [Cu(NOs)a].. : 0.0380 0.150 8.26 
Cu Narr Sans ae 0.022 0.260 14.48 
Ce.. 0.012 0.082 10.45 


new magenta and methylene blue are identical and the adsorp- 
tion values are almost the same, the precipitation value of aura- 
mine is but 3 per cent lower than that of new mangenta; but the 
adsorption value is 37 per cent higher. Moreover, the precipita- 
tion value of brilliant green is only one-half that of new magenta 
and the adsorption value at this concentration is but half as 
much instead of being the same or larger in accord with Freund- 
lich’s conclusions from experiments on the adsorption of organic 
cations by arsenic trisulfide. There is no doubt that the anion 
has some effect but this cannot account for the precipitation 
value of CuSO, being 75 per cent higher. than for Cu(NQOs3). and 
the adsorption of copper from nitrate solution being 25 per cent 
greater than from sulfate solution. 

As in the case of arsenic trisulfide and the hydrous oxides, to 
which reference has been made? the variation from equivalent 
adsorption at the precipitation value is due to adsorption by the 
particles during agglomeration. This, however, seems inade- 


1 Cf. Weiser and Mippieron: J. Phys. Chem., 24, 30 (1920). 
2 Cf. p. 37. 
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quate to account for the much wider variation from equivalence 
with mercuric sulfide than with arsenic trisulfide. Fajans and 
Beckerath! point out that equivalent amounts of precipitating 
ions will produce the same discharging effect only so long as their 
distances from one another in the surface of the colloidal particle 
is sufficiently large; but this factor cannot account for the wide 
variation observed with ions of the same valence. The real 
eause of the variation is probably connected closely with the 
phenomenon to be considered in the next section. 

Reversal of Adsorption.—When mercuric sulfide sol is first 
flocculated, the precipitate is highly gelatinous but it becomes 
granular quite rapidly and gives up a part of the adsorbed elec- 
trolyte. It is probable that the physical character of the pre- 
cipitated sulfide varies appreciably with different electrolytes, 
thus accounting for the greater variation from equivalent adsorp- 
tion by mercuric sulfide than by arsenic trisulfide. 

The course of the adsorption reversal of mercuric sulfide has 
been followed by Freundlich.? Portions of 250 cubic centi- 
meters each of a sol were treated with 25 cubic centimeters of 
auramine of varying concentrations. The mixtures were stirred 
continuously and at intervals samples were withdrawn, freed 
from suspended sulfide, and analyzed colorimetrically. The 
results of the observations with three different concentrations of 
auramine are given in Fig. 11. The curves are S-shaped, indi- 
cating that the adsorption reversal and, hence, the coarsening of 
the particles is an autocatalytic process. Furthermore, the 
velocity of the process rises rapidly with increasing concentration 
of the coagulating electrolyte. The mechanism is about as 
follows: When sufficient electrolyte is added to a sol, the charge 
on the colloidal particles is reduced below the critical value 
necessary for agglomeration. If the electrolyte concentration is 
near the precipitation value, the primary particles of the flocks 
still possess a slight charge which tends to keep them from 
coalescing. But with crystalline particles which are not very 
hydrous, like those of mercuric sulfide, the low residual charge 
is not sufficient to prevent a gradual coalescence,and packing 

1Z. physik. Chem., 97, 478 (1921). 

2 FREUNDLICH and ScuucuT: Z. physik. Chem., 85, 660 (1913); FrEunp- 
LicH and Hass: /bid., 89, 417 (1915). 
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together of the particles thereby giving a diminished surface and 
a lessened adsorption. The rate of coalescence increases with 
diminishing residual charge and hence is greater the higher the 
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Fra. 11.—Velocity of the adsorption reversal after coagulation of mercuric 
y . 
sulfide sol with various concentrations of auramine. 


concentration of precipitating electrolyte up to the point where 
charge reversal would come in. The apparent autocatalytic 
course may be the result of two processes: a slow initial forma- 
tion of secondary aggregates from primary particles and a more 
rapid packing together of the larger aggregates, 


CHAPTER VI 


THE COLLOIDAL SULFIDES OF IRON, NICKEL, COBALT, 
MANGANESE, AND THE RARER ELEMENTS 


COLLOIDAL SULFIDES OF THE IRON GROUP 


Colloidal Ferrous Sulfide.—The black precipitate of ferrous 
sulfide thrown down from a cold ferrous salt solution with 
ammonium sulfide, is quite finely divided and may be peptized 
in part by thorough washing with cold water.!. The sol is rather 
instable, as is the one formed by passing hydrogen sulfide into a 
very dilute solution of a ferrous salt.2. The stability is very 
much increased if the reaction is carried out in the presence of 
glycerin,’ gelatin, or sugar. Sabbatani‘ investigated the phar- 
macological action of such sols when administered to dogs and 
rabbits. Since the particles were protected by an adsorbed film, 
the preparations were inactive so long as they remained colloidal. 

Colloidal Nickel Sulfide.—It is well known that nickel sulfide 
is not precipitated by hydrogen sulfide in the presence of dilute 
hydrochloric acid and yet the precipitated sulfide obtained from 
alkaline solution is insoluble in dilute hydrochloric acid. Thiel 
and Ohl*® explain this behavior by postulating the existence of 
three isomeric forms of the sulfide: The a-sulfide is produced by 
mixing nickel salts slowly with dilute solutions of alkali sulfides 
at ordinary temperatures in the absence of air. It is readily 
soluble in the cold in mineral acids as dilute as 0.01 normal. In 
contact with water, its properties do not change very rapidly 
but in the presence of a solution which exerts a slight solvent 
action it goes over into the so-called 6- and y-forms. The 
8-sulfide is precipitated by hydrogen sulfide from a nickel 

1 Berzevivus: “Lehrbuch der Chemie,” 3rd ed., 3, 439 (1834). 

2 WINsSSINGER: Bull. soc. chim., [2] 49, 452 (1888). 

3 MtLuer and ArTMANN: Oesterr. Chem. Ztg., 7, 149 (1904). 

4 Atti accad. Lincei, [5] 32, 11, 326, 473 (1923); 38, I, 8; 33, I], 228 (1924). 

5 Z, anorg. Chem., 61, 396 (1909). 
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acetate solution acidified with acetic acid. It is insoluble in 
2-normal hydrochloric acid in the cold but dissolves rapidly on 
boiling. The y-sulfide results by boiling the 6-form with acetic 
acid. It is probable that these three alleged isomeric forms of 
nickel sulfide are merely stages in the continuous transformation 
from the soluble to the insoluble state. There is no inversion 
point between any two of the alleged isomers and it is quite 
likely that any number of substances with intermediate properties 
could be formed. As is the case so frequently with the hydrous 
oxides, the very finely divided soluble and readily peptized 
particles of the newly formed precipitate go over gradually 
and continuously into larger and denser particles which are less 
soluble and less readily peptized. This change in physical 
character is always more rapid in contact with a medium which 
possesses a slight solvent action. 

Unlike the sulfides of iron and cobalt, nickel sulfide has a 
marked tendency to form colloidal solutions, especially in the 
presence of an excess of ammonium sulfide. Every analyst is 
familiar with the dark brown coloration which forms gradually in 
a nickel salt solution to which ammonium sulfide is added. 
Many investigators have attributed this coloration to the 
formation of a sulfo-salt! as a result of the presence of an excess 
of sulfur in the ammonium sulfide reagent. This view was 
proven to be erroneous by Thiel and Ohl? who obtained the 
familiar brown-colored solution using ammonium sulfide entirely 
free from polysulfide. The latter investigators attributed the 
gradual development of the brown color to polymerization of 
nickel sulfide with the ultimate formation of a sol. As already 
indicated, it is more likely that the phenomenon is due to a 
gradual growth of the sulfide particles rather than to the forma- 
tion of polymers. There is no doubt, however, that the color is 
due to nickel sulfide in colloidal solution. Thorne and Pates? 
proved this conclusively when they ultrafiltered out the brown 


1 LECcRENIER: Chem. Ztg., 18, 431, 449 (1889); pp Koninck and LepEnt: 
Z. angew. Chem., 5, 203 (1891); pz Konrncx: Compt. rend., 120, 735 (1895) ; 
Viuurers: Jbid., 119, 1208, 1263 (1894); ANTony and Maart: Gazz. chim. 
ital., 31, II, 265 (1901). 

2Z. anorg. Chem., 61, 396 (1909). 

3 Kolloid-Z., 38, 155 (1926). 
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color completely from a sol prepared with the ordinary labora- 
tory reagents. 

An investigation of the factors influencing the formation of the 
brown sol was made by passing hydrogen sulfide directly into a 
nickel ammonium hydroxide solution, thereby avoiding the 
presence of any polysulfide. When the ammonia concentration 
is 100 grams per liter, a sol is formed with a nickel concentration 
between 2.0 and 0.01 grams per liter. Some precipitate forms 
on standing if the nickel concentration exceeds 1.0 gram per 
liter; below 0.01 gram per liter no coloration is observed. The 
range of nickel concentration between which a sol is formed, is 
determined by the ammonia concentration. For a sol con- 
taining 0.3 gram of the metal per liter, the ammonia concen- 
tration may be reduced to 45 grams per liter; for 0.2 gram nickel, 
10 grams ammonia per liter; and for 0.1 gram nickel, 5 grams 
ammonia per liter. In every case, the sol must be kept saturated 
with hydrogen sulfide to prevent any precipitation. If the latter 
is removed completely, precipitation results but the precipitate is 
repeptized in part by adding more hydrogen sulfide even if the 
sulfide is allowed to age for several months. Moreover, the black 
residue obtained by taking the sol to dryness in a vacuum desic- 
cator is partly repeptized by suspending in water and treating 
with ammonia and hydrogen sulfide. 

The sol is quite stable in the absence of air. Boiling to remove 
hydrogen sulfide causes precipitation but the excess gas may be 
washed out with hydrogen or the excess ammonia removed in a 
vacuum desiccator without precipitation. The particles are 
negatively charged but alkali salts exert no precipitating action 
even in high concentration. Salts with multivalent cations can- 
not be used since they react either with the ammonia or the 
hydrogen sulfide. 

Stable brown sols of nickel sulfide are not formed in the pres- 
ence of an excess of ammonium polysulfide. Instead, a black 
precipitate is formed which cannot be washed without decom- 
position.t Analysis of an unwashed sample indicates a com- 
position betweem NH,NiS, and NH,Ni8;; but the constitution is 
indefinite. It may be a sulfo-salt like the copper compound 


1EHipuraAIM: Ber., 56B, 1885 (1923), 
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NH,CuS,,! the ordinary nickel sulfide with adsorbed polysulfide, 
or a higher sulfide of nickel. 

Villiers? developed a test for nickel which depends upon the 
formation of the brown sol. The nickel salt solution is treated 
with tartaric acid and a slight excess of sodium hydroxide. On 
passing in hydrogen sulfide, a part of the nickel sulfide is peptized, 
giving the characteristic dark brown color. Cobalt ions are pre- 
cipitated as cobalt sulfide by this treatment except when a trace 
is present which is likewise peptized giving a brown sol.* ‘Tower 
showed that tartrate is essential for the stability of nickel 
sulfide sols prepared in alkali tartrate solution, complete precipi- 
tation resulting on removal of the organic ion by dialysis. A sol 
formed in the presence of glycerin‘ is likewise thrown down by 
dialyzing out the organic stabilizing agent. 

Colloidal Cobalt Sulfide.—The sol of cobalt sulfide may be 
prepared by the same procedures as are used to make colloidal 
nickel sulfide. As already noted, the tendency of the former to 
be peptized by ammonium sulfide is slight but a dilute sol is 
obtained by passing hydrogen sulfide into a cobalt solution con- 
taining an alkali tartrate. The only method so far described 
for preparing a stable sol involves the use of a protective colloid. 


CoLLOIDAL MANGANOUS SULFIDE 


Ammonium sulfide and monosulfides of the alkali metals pre- 
cipitate from a solution of a manganous salt, a rose or flesh- 
colored gel of manganous sulfide which oxidizes readily in the 
air, assuming a brown tint. The precipitation is very slow or 
incomplete from dilute solutions unless a salt such as ammonium 
chloride is present. It is probable that this salt acts by pre- 
venting sol formation. Citrates and tartrates prevent the pre- 
cipitation of manganous sulfide by ammonium sulfide and 
citrates stop the precipitation by alkali sulfides as well.® It is 

1Guiuup: Ber., 55B, 952 (1922); Guuup and MijuLenpyck: Jbid., 56B, 
899 (1923). 

2 Compt. rend., 119, 1263 (1894); 120, 46 (1895). 

3Towrr: J. Am. Chem. Soc., 22, 501 (1900); Towrr and Cooxn: J. 
Phys. Chem., 26, 728 (1922). 

4Miuvier and ArtMann: Oesterr. Chem. Ztg., 7, 149 (1904). 

5 Joutrn: Ann. chim. phys., [4] 80, 275 (1878). 

6 How: Chem. News, 19, 137 (1869). 
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altogether likely that these strongly adsorbed anions act by 
forming a stable negative sol. 

The rose-colored sulfide appears to be the stable form when 
precipitated with alkali sulfides; but when thrown down with 
ammonium sulfides it frequently assumes a green color. Condi- 
tions favorable for the transformation have been given by a 
number of people. The various methods have been analyzed 
critically by Mickwitz and Landesen? who reached the conclusion 
that the transformation never takes place except, in the presence 
of freeammonia. If no free ammonia is present, the rose-colored 
sulfide precipitated by pure NH,HS contains more sulfur than is 
required by the formula MnS and is better expressed by the 
formula H2Mn;S, or 3MnS-H.8. In the presence of free 
ammonia, on the other hand, the composition may be expressed 
by the formula NH:HMn,8, or 3MnS - NH,HS, and this rose- 
colored gel goes over slowly into the green form of Mn8, giving 
up NH.HS to the mother liquor. 

While the presence of ammonia appears to be of primary 
importance for the spontaneous transformation of rose to green 
manganous sulfide, the mechanism of the action of the ammonia 
is by no means established. Nothing is proved by assuming the 
existence of compounds, one of which is stable and the other 
instable. The alleged compounds H:Mn;S, and NH,HMn;s, 
are probably manganous sulfide gels with adsorbed H.S and 
adsorbed NH,HS, respectively. It is not clear, however, why 
the adsorption of hydrogen sulfide and alkali sulfides should 
stabilize the rose sulfide while adsorbed ammonium hydrosulfide 
does not. Obviously, this whole problem of the stability of the 
rose sulfide calls for further investigations. It is generally taken 
for granted that the rose and green sulfides are two isomeric 
forms; but this point has not been definitely established. It is 
recognized that the transformation from rose to green is accom- 
panied by a change from an amorphous or microcrystalline state 

1FresENtvs: J. prakt. Chem., 82, 267 (1861); Cuassen: Z. anal. Chem., 
8, 370 (1869); 16, 319 (1877); Muinexe: Z. angew. Chem., 1, 4 (1888); 
OusEN, CLowszs, and WeipMann: Chem. Zentr., I, 468 (1905); SpELiGMANnn: 
Z. anal. Chem., 58, 594 (1914); 54, 104 (1915); Fiscumr: J. Russ. Phys. 
Chem. Soc., 46, 1481 (1914); Vintimrs: Compt. rend., 159, 67 (1914); Haun: 
Z. anorg. Chem., 121, 209 (1922). 

2Z. anorg. Chem., 181, 101 (1923), 
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to a denser and definitely crystalline form. An x-ray examina- 
tion of the two preparations would probably show whether the 
color change is due to a change in physical character or in molec- 
ular structure. 

A red or orange manganese sulfide is said to precipitate from a 
weakly acid solution of a manganese salt by the prolonged action 
of hydrogen sulfide.1 Olsen and Rapalje? claim that the ordinary 
flesh-colored sulfide is a mixture of the red sulfide with a gray 
form. 


COLLOIDAL SULFIDES OF INDIUM AND THALLIUM 


Colloidal Indium Trisulfide—Yellow indium trisulfide is 
precipitated by conducting hydrogen sulfide into a solution of an 
indium salt which is not too acid nor too concentrated. If the 
hydrous oxide of indium, In,O;-xH.0O, is suspended in water 
through which hydrogen sulfide is passed, a golden-yellow nega- 
tive sol of the sulfide is produced.* This sol may be boiled to 
remove excess hydrogen sulfide without flocculation but it is 
quite instable in the presence of electrolytes, especially those with 
strongly adsorbed cations. 

Colloidal Thallous Sulfide.—Thallous sulfide, Tl.S, is precipi- 
tated in a finely divided hydrous condition when hydrogen 
sulfide or ammonium sulfide is added to an alkaline or acetic acid 
solution of a thallous salt. Incomplete precipitation of the 
hydrous sulfide results, also, when sodium hyposulfite is added to 
a thallous salt solution. When formed in this way the mass is 
reddish brown at first, then violet, and finally black.® If the 
cold solution from which the salt separates contains a trace of 
free sulfuric acid, it come down as microscopic tetrahedra.® 
The sol of thallous sulfide is prepared by passing hydrogen sulfide 
into a very dilute solution of a thallous salt and dialyzing the 
product.? 

1V6uiKER: Liebig’s Ann., 59, 27 (1846); Fiscuer: J. Russ. Phys. Chem. 
Soc., 46, 1481 (1914). 

*J. Am. Chem. Soc., 26, 1615 (1904). 

3 WINKLER: J. prakt. Chem., 94, 1 (1865); 102, 273 (1867). 

4LINnDER and Picton: J. Chem. Soc., 61, 134 (1892). 

5 Brunck: Liebig’s Ann., 386, 281 (1904). 

6 HEBBERLING: Liebig’s Ann., 184, 11 (1865). 

7 WINSSINGER: Bull. soc. chim., [2] 49, 452 (1888). 
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Thallie sulfide, T1.S;, is not precipitated by the action of hydro- 
gen sulfide on an aqueous solution of a thallie salt for, 1f formed 
at all, it is reduced instantly to thallous sulfide and free sulfur.! 


COLLOIDAL SULFIDES OF GERMANIUM 


Germanium Monosulfide.—Germanium monosulfide,? GeS, is 
precipitated as a reddish-brown hydrous mass when hydrogen 
sulfide is passed into a hydrochloric acid solution of germanous 
oxide. The freshly formed precipitate is readily peptized by 
washing, giving an orange-red to brown sol, which is quite stable 
if kept out of contact with air. The sol is negatively charged and 
is readily flocculated by acids and by salts with multivalent 
cations. 

Germanium Disulfide.—Germanium disulfide, GeSo, is thrown 
down by hydrogen sulfide from strongly acid solutions of ger- 
manium dioxide. An aqueous solution of the dioxide gives no 
precipitate with hydrogen sulfide and the precipitation is incom- 
plete from a slightly acidified solution. The sulfide comes down 
as a white voluminous gel which is peptized by washing, giving an 
opalescent negative sol. The salt decomposes slightly in con- 
tact with water, yielding hydrogen sulfide. Hence, when the 
sol is flocculated by heavy metal salts the coagulum has the color 
of the heavy metal sulfides. 


COLLOIDAL SULFIDES OF MOLYBDENUM AND TUNGSTEN 


Colloidal Molybdenum Sulfide.—The trisulfide of molybde- 
num, MoSs, is precipitated when hydrogen sulfide is passed into a 
concentrated solution of a molybdate followed by the addition of 
hydrochloric acid. It is also formed by boiling the molybdate of 
an alkali metal for a short time with ammonium sulfide and then 
precipitating with dilute mineral acid. Winssinger* prepared 
the sol by adding to a dilute solution of potassium sulfomolybdate 
slightly more than enough acid to liberate the sulfide, and dialyz- 
ing. The transparent brown sol was quite stable; but if the 
preparation was not purified by dialysis it coagulated in a few 
hours. 


1$rrEecKER: Liebig’s Ann., 135, 207 (1865). 
2 WinKLER: J. prakt. Chem., [2] 34, 177 (1886); 36, 177 (1887). 
3 Bull. soc. chim., [2] 49, 452 (1888). 


108 THE COLLOIDAL SALTS 


Hydrous molybdenum pentasulfide is precipitated as a brown- 
ish-black mass by reducing with zinc an ammonium molybdate 
solution containing 20 per cent sulfuric acid, and passing in 
hydrogen sulfide.t A sol of this sulfide has not been described. 

Svedberg? prepared a sol of molybdenum disulfide in isobutyl 
alcohol by passing an oscillating discharge between electrodes of 
molybdenite. In a similar way von Hahn* prepared a blue 
hydrosol. A sol was also formed by cathodic disintegration of 
the molybdenum mineral.# 

Tungsten Trisulfide-——The trisulfide of tungsten, WSs, is 
precipitated by adding acid to a solution of tungsten trioxide in 
ammonium sulfide or by saturating an aqueous solution of a 
tungstate with hydrogen sulfide and acidifying. The precipitate 
is much more finely divided than the corresponding molybdenum 
salt and runs through the filter during washing. If the washed 
sulfide is suspended in boiling water, it is largely peptized, form- 
ing a brown sol. Winssinger® prepared the sol by adding 
slightly more acid to a sodium thiotungstate solution than is 
necessary to free the sulfide. The color of the sol changes from a 
bright orange-red to a dark brown without agglomerating. 


COLLOIDAL SULFIDES OF SELENIUM AND TELLURIUM 


Colloidal Selenium Disulfide.—Several substances have been 
described as compounds of selenium and sulfur but they have all 
proved to be mixtures of the two elements’ which are known to 
form several series of mixed crystals.’ It is possible, however, 
that the sol formed by conducting hydrogen sulfide into an aque- 
ous solution of selenium dioxide’ may contain some selenium 

1 Kriss: Liebig’s Ann., 225, 1 (1884); Mawrow and Noxotow: Z. anorg. 
Chem., 95, 188 (1916). 

2 “Die Methoden zur Herstellung kolloider Lésungen,” 490 (1909). 

3 Kolloid-Z. (Zsigmondy Festschrift) 36, 277 (1925). 

4Mtuumr and Lucas: Z. Hlektrochem., 11, 521 (1905); Lm Buane: [bid., 
11, 813 (1905); Cf. p. 13. 

> Berzetius: “Lehrbuch der Chemie,” 8rd ed., 3, 126 (1834). 

6 Bull. soc. chim., [2] 49, 452 (1888). 

7 Divers and Suimrpzu: Chem. News, 61, 199 (1885). 

SRinapr: Z. anorg. Chem., 32, 183 (1902); Reranrs: Z. physik. Chem., 
12, 583 (1893). 

°GurTBIER: Z. anorg. Chem., 32, 292 (1902); Gurpimr and LouMmann: 
42, 325 (1904); 43, 384 (1905). 
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sulfide. In any event, the preparation is always referred to as 
colloidal selenium sulfide. The sol possesses a bright yellow color 
in reflected light and red in transmitted light. It is very stable 
even in the presence of electrolytes but by adding hydrochloric 
acid and boiling or by exposure to light, a plastic red gel is 
precipitated.! Since selenium sol is red, it is possible that the 
red color of the coagulum is due to colloidal selenium dispersed 
in plastic sulfur. It should be possible to settle this point by an 
ultramicroscopic examination of the gel. 

Colloidai Tellurium Sulfides.—Both tellurium disulfide, TeSs, 
and tellurium trisulfide, TeS;, are said to exist in the sol state 
when prepared and kept at low temperatures.2 The disulfide 
sol is obtained by passing hydrogen sulfide into a cold solution 
of a tetravalent tellurium salt. During the gradual formation of 
the sulfide, the sol changes in color from yellow, orange, and 
reddish-brown to black with a bluish opalescence. If thereagents 
are pure the sol is quite stable. It is precipitated by freezing as 
reddish-brown flocks which are repeptized again after thawing. 

The sol of tellurium trisulfide is formed by passing hydrogen 
sulfide into a cold dilute solution of telluric acid. The dialyzed 
preparation appears perfectly clear in transmitted light with a 
light blue to gray-violet color; but in reflected light it is cloudy 
and gray in color. Like the disulfide sol, it is quite stable and 
possesses similar properties. The similarity in behavior between 
the two sols indicates that both are primarily mixtures of colloidal 
tellurium and colloidal sulfur. 


Tur CoLLOIDAL SULFIDES OF THE PLATINUM FAMILY 


Of the sulfides of the platinum family of elements PdS, OsS,, 
Ir2S3, and PtS. are known to form colloidal solutions. The sols 
of palladium monosulfide, osmium tetrasulfide, and platinum 
disulfide are formed by conducting hydrogen sulfide into dilute 
solutions of palladous chloride, osmium tetroxide, and platinic 
chloride, respectively.* Of these sols, platinum disulfide is the 
most readily formed and the most stable. Indeed, the tendency 
of the salt to go into the colloidal state is so great that electrolytes 

1Von Haun: Kolloid-Z., 27, 172 (1920). 


2 GuTBiER: Z. anorg. Chem., 32, 292 (1902). 
3 WINSSINGER: Bull. soc. chim., [2] 49, 452 (1888). 


110 THE COLLOIDAL SALTS 


such as magnesium chloride must be added to the solution before 
conducting in hydrogen sulfide in the estimation of platinum as 
sulfide.! Freshly formed iridium sesquisulfide thrown down 
from a solution of the oxide by hydrogen sulfide is carried into 
colloidal solution by thorough washing.” 

1Tvanov: J. Russ. Phys. Chem. Soc., 48, 527 (1916); Gazn: Chem. 


Zentr., I, 464 (1913). 
2 Berzewius: “Lehrbuch der Chemie,” 3rd ed., 3, 222 (1834). 


CHAPTER VII 
PIGMENTS 


Ordinary paints consist of three essential parts, the pigment, 
the medium or vehicle, and the drier or siccative. Pigments are 
finely divided insoluble colored powders. When mixed with 
suitable media they form paints. For oil paints, the media are 
usually vegetable drying oils of which linseed oil is by far the 
most important and most commonly used. For water-color 
paints, the vehicle consists of such substances as honey, glycerin, 
dextrin, and aqueous sols of the gums. The driers are oxygen 
earriers which catalyze the oxidation of the oil. Among the most 
important driers are suitable compounds of metals such as lead, 
manganese, and cobalt which have more than one valence. 
Certain pigments, notably litharge and white lead, possess the 
necessary siccative properties and a special drier is not required. 

An ideal pigment should be quite stable chemically and should 
not react with any material with which it is likely to come in 
contact, either in the vehicle or on the surface which it covers. 
Actually, few pigments fulfill these ideal requirements, for few 
substances are capable of standing the action of light and the 
atmosphere, pure and impure, for indefinite periods of time. 
While it is obvious that no pigment is absolutely proof against 
destruction, it is equally true that all pigments are quite durable 
under certain conditions. The chemical characteristics which a 
pigment must possess are determined, therefore, by the condi- 
tions to which it will be subjected. In general, the most valuable 
pigments are to be found among the metallic oxides and the 
metallic salts of strong acids. 

In addition to the chemical requirements, a pigment must 
possess the desired color, covering power, and hiding power. 
Since the physical state of the pigment, including the particle 
size, has such a profound effect on the above characteristics, one 
must approach this subject from the standpoint of colloid chemis- 

su 
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try. The general principles involved are well illustrated by the 
colloidal sulfides. 


ARSENIC SULFIDE PIGMENTS 


Arsenic Trisulfide.—This sulfide known as King’s yellow is a 
brilliant but fugitive and extremely poisonous pigment which 
was extensively used before the introduction of lead and barium 
chromate which are quite similar to it in color. The pigment is 
prepared by precipitation from an arsenious acid solution with 
hydrogen sulfide or by subliming a mixture of arsenic trioxide and 
sulfur. The sulfide is found native as the mineral orpiment 
which is sometimes ground up and used as a pigment. 

Arsenic Disulfide.—This pigment occurs in nature as the min- 
eral realgar. The commercial red arsenic glass or ruby sulfur is 
an artificial disulfide prepared by mixing arsenical pyrites and 
common pyrites in such proportion that the mixture contains 
about 15 per cent of arsenic and 27 per cent of sulfur. Such a 
mixture is then sublimed and the resulting product is melted with 
sulfur to give it the proper color. This so-called ruby sulfur 
is a red glassy mass consisting of arsenic disulfide and sulfur in 
varying amounts.! It was formerly used as an orange pigment 
but, like the trisulfide, it is no longer employed to any extent. 


ANTIMONY SULFIDE PIGMENTS 


Antimony Trisulfide.— Antimony trisulfides are usually divided 
into two classes; the natural varieties and the artificially prepared 
varieties. The first class includes black erystalline stibnite and 
a brick-red trisulfide called meta-stibnite which is said to be 
amorphous;” and the second class includes the colored sulfides 
which are sometimes used as pigments. The precipitated tri- 
sulfides have been classified into two sub-groups, those thrown 
down in the presence of hydrogen sulfide, and those thrown 
down in the absence of hydrogen sulfide. The first group 
includes the trisulfides precipitated by hydrogen sulfide direct 
and by the action of acids on the antimonates and thioantimo- 
nates. The color is usually some shade of orange and the group 
may be designated as the “antimony oranges.’’ The pigments 


‘ Roscor and ScoorLtemMMER: “Treatise on Chemistry,” 1, 708 (1920). 
* Becker: Am, Phil. Soc., 25, 168 (1888). 
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are sometimes called the ‘‘antimony goldens” but the former 
term is preferable since antimony pentasulfide is called the golden 
sulfide of antimony. The second group of trisulfides are formed 
by the interaction of an antimonous salt and sodium thiosulfate. 
The color is usually some shade of red and the group may be 
designated the “antimony crimsons.’’ 

Currie? has made an extended study of the factors influencing 
the color of antimony sulfide pigments. The interaction of dilute 
solutions of sodium thiosulfate and antimony trichloride at room 
temperature gives a light yellow precipitate which yields a fine 
yellow powder when washed and dried in vacuum. On heating 
at 100 to 110° in a hot-air oven, the color changes steadily through 
various shades of orange to a uniform red and finally to a rich 
crimson. Raising the temperature to 150 to 170° causes the 
color to change through a series of crimson shades to maroon, 
finally becoming uniformly black. The presence of salts, chlo- 
rides especially, and of acids, lowers the temperature at which 
the change to the black modification is complete.® 

The wide variation in color from yellow through orange, 
crimson, and maroon to black is due entirely to variation in the 
size of the particles, the larger particles possessing the darker 
shades. Since sulfides tend to form negatively charged sols, 
the pigments formed in the presence of readily adsorbed anions 
are more highly peptized and hence are lighter in color than those 
precipitated in the presence of strongly adsorbed cations which 
favor coagulation into denser aggregates possessing a darker 
color. Moreover, the particles precipitated in the presence of 
gelatin are smaller and lighter in color than those obtained under 
similar conditions in the absence of a protective colloid. 

The yellow and crimson trisulfides are amorphous as shown by 
x-radiograms but the final black product has a crystalline struc- 
ture identical with the natural stibnite. The maroon shades are 
intimate mixtures of crimson with black sulfide. Various 
maroons can be synthesized by mixing the black and crimson 
powders. The densities of the sulfides change in exactly the 
same order as do the colors; the yellow pigments have a density 

1Cf. Lona: J. Am. Chem. Soc., 18, 342 (1896). 


2 J. Phys. Chem., 30, 223 (1926). 
3 De Bacuo: Ann. chim. applicata, 12, 143 (1919). 
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of approximately 4.10 to 4.12, the crimson 4,12 to 4.38, and the 
black 4.6 to 4.8.1. The density of the maroon shades is usually 
about 4.4. to 4.5; the approximate density may be calculated by 
comparing the color of the maroon pigment with a mixture of 
known amounts of crimson and black sulfides of known density. 

Stibnite and the artificial black sulfides are formed under 
conditions which would give relatively large crystals. Currie 
disintegrated stibnite in an electric are under water according to 
Svedberg’s method, obtaining a sludge of finely divided yellow 
crystalline particles. The fact that the crystalline sulfide may 
be either yellow or black, depending on the size of the particles, 
supports Berthelot’s? contention that the transformation from 
one color to another involves no measureable heat effect. Currie 
was unable to prepare a crystalline crimson pigment, the larger 
particles of amorphous trisulfide alone giving the crimson color. 
It is possible, however, that the natural red meta-stibnite which is 
said to be amorphous would prove to be crystalline if examined 
with the x-rays. 

Turning to the antimony oranges: The trisulfides, as ordinarily 
precipitated by hydrogen sulfide from a solution of trivalent 
antimony, are light golden yellow and may be dried in vacuum to 
give a rich golden color. Unlike the “antimony crimsons,’’ 
heating to 105 to 110° causes little or no change in color while 
further heating to 150 to 170° causes the pigment to change 
through varying shades of brown to the black modification 
without showing any signs of the crimson color. The brown 
colors were found to be mixtures of amorphous golden with erys- 
talline black trisulfide in varying proportions. Darkening 
through the crimson and maroon shades is prevented by adsorp- 
tion of hydrogen sulfide on the surface of the golden particles 
which prevents them from coming into intimate contact and 
coalescing to the darker shades before the transformation to the 
black crystals takes place. 

Both the orange and crimson trisulfide possess good hiding 
power and mix well with oil. They cannot, of course, be 

1 Currin: J. Phys. Chem., 30, 232 (1926); cf. Kircuuor: Z. anorg. Chem., 
114, 266 (1920); GuincHanT and CurirIEn: Compt. rend., 188, 1269; 139, 51, 
288 (1904); 142, 709 (1906); Zant: Bull. acad. roy. méd. Belg., 1169 (1909). 


> Compt. rend., 139, 97 (1904); of., however, GuINcHANT and CuRitiEn: 
ibid., 189, 51 (1904). 
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employed with alkaline vehicles but they are quite stable in 
light and in the air. Crimson antimony is the most valuable 
red pigment employed in coloring rubber.+ 

Antimony Pentasulfide and Tetrasulfide.—Antimony pentasul- 
fide is frequently called the golden sulfide of antimony. Atten- 
tion has been called? to the fact that the golden sulfide as usually 
prepared is a solid solution of tetrasulfide and sulfur. In gen- 
eral, the influence of temperature in the neighborhood of 100° on 
the golden sulfide is slight, a uniform darkening being the most 
noticeable effect. Above 115°, however, the tetrasulfide decom- 
poses rapidly to trisulfide and sulfur, further heating producing 
color changes like those of all trisulfides precipitated in the 
presence of hydrogen sulfide. 

Golden sulfide of antimony is a valued pigment for rubber 
goods and a number of recent patents have been granted for its 
commercial production.* In the rubber industry the term 
“golden sulfide”’ is applied to a fairly wide range of products 
varying in shade from a golden yellow to a deep orange and in 
composition from a nearly pure antimony trisulfide to a mixture 
containing a relatively high percentage of tetrasulfide.4 In 
addition to its value as a pigment, antimony sulfide is superior to 
iron oxide pigment as a compounding ingredient. Mixes® in 
which antimony sulfide is used, possess strength superior to 
similar mixes containing iron oxide. Moreover, mixes containing 
antimony sulfide possess good ageing qualities, whereas those 
containing iron oxide do not age well.® 


CADMIUM SULFIDE PIGMENTS 


Cadmium sulfide is much used by artists because of the 
brilliance of its color and its permanence. The yellow sulfide 


1Cf. Brerer: Chem. Age, 28, 194 (1920). 

2See p. 62. 

3 #.g., CHAILLAUX: British Patent, 151422 (1919); Srarx: U.S. Patents, 
1414836, 1415127 (1922); BezzensercerR: U. 8. Patent, 1528394 (1925); 
Wiuson: Canada Patent, 252563 (1925). 

4 Cf. Lurr and Porritt: J. Soc. Chem. Ind., 40, 275 T (1921). 

5 The term “mixing”’ is applied to the operation by which sulfur and other 
materials are incorporated with rubber. 

6 ANDERSON and Ames: J. Soc, Chem. Ind., 42, 1386 T (1923); Woopwarp: 
Rubber Age, 1, 99 (1917). 
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called ‘cadmium yellow” is obtained by precipitating cold 
solutions of low cadmium content with hydrogen sulfide or by 
precipitating cadmium solutions with the alkali sulfides. The 
deep orange pigment known as “cadmium orange”’ is precipi- 
tated from hot strongly acid solutions with hydrogm sulfide or 
by long boiling of cadmium solutions with sodium thiosulfate or 
alkali sulfide. Richards and Roepper! have patented processes: 
for preparing cadmium yellow by electrolysis of a sodium thiosul- 
fate solution with a cadmium anode and an indifferent cathode 
and by alternating-current electrolysis of thiosulfate solution with 
cadmium electrodes. The latter process is too inefficient to be of 
value? and the former has been improved by Fischer* who sub- 
stituted for the indifferent cathode one consisting of a mixture of 
equal parts of sulfur and copper sulfide, which has arelatively low 
resistance. The current efficiency of Fischer’s process is 100 per 
cent. At a current density of 0.05 ampere per square centi- 
meter, both yellow and orange sulfide are formed while at 0.005 
ampere per square decimeter, only the yellow is obtained. 

All the precipitated pigments are quite finely divided and have 
a high covering power. Since the electrolytic products are 
doubtless more expensive and are no better than those obtained 
by direct precipitation, there would appear to be no immediate 
future for the electrolytic processes. 

The variation in color of the pigment was attributed to 
adsorbed impurities by Follenius‘ and.to the existence of allo- 
tropic modifications of different density and crystal structure by 
Buchner’ and by Klobukow.*® Thus, the latter found the specific 
gravity of the yellow preparations to vary from 3.906 to 4.143 
‘and of the orange, from 4.47 to 4.513. Allen, Crenshaw, and 
Merwin’ showed, however, that there is but one crystalline form 
of the sulfide. The observed variations in density of the various 


1Ricnarps: Trans. Am. Electrochem. Soc., 1, 221 (1902). 

2 Waite: Trans. Am. Electrochem. Soc., 9, 305 (1906). 

3Z. Hlektrochem., 31, 285 (1925); Lorpnz: Z. anorg. Chem., 12, 442 
(1896). 

4Z, anal. Chem., 18, 417 (1874). 

5 Chem. Ztg., 11, 1087, 1107 (1887). 

6 J. prakt. Chem., [2] 89, 414 (1889). 

7Am. J. Sci., [4] 34, 341 (1912); of., however, EarerRTon and Ra.eian. 
J. Chem. Soc., 123, 3019 (1928). 
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preparations are due to size of particles, the amount of adsorbed 
impurities, and the errors involved in determining the specific 
gravity of a mass composed of extremely minute particles. The 
variations in color are due to the size and physical character of 
the particles. 

The amorphous or submicroscopically crystalline! powders 
vary from citron yellow to deep orange with increasing particle 
size. To illustrate: 4 grams of NaCl, 10 grams of Na2S.O;, and 
2 grams of CdSO, were added to 200 cubic centimeters of water 
and the solution kept boiling for some hours. The particles of 
the lemon-yellow precipitate obtained after 1 hour were too small 
to measure but after 5 hours, particles as large as 0.05 millimeter 
in diameter were formed and the pigment was bright orange in 
color. 

Distinctly crystalline cadmium sulfides vary in color from clear 
yellow in tufts of hair-like needles to brownish yellow in the 
larger ones; but the powdered crystals are always orange. Thus, 
the light yellow gel formed by the action of an ammoniacal sul- 
fide on a cadmium salt retains the same color after it has been 
digested until crystals identical with natural greenockite are 
produced; and the crystals become orange colored when pow- 
dered. This might seem to contradict the conclusion that the 
most finely divided particles of salt are yellow. It must be borne 
in mind, however, that in the last analysis the actual color is 
determined by the relative amounts of bght transmitted and 
reflected.” Thus greenockite absorbs all the blue and part of 
the green of the spectrum and transmits the remainder. When 
the grains are jn masses having diameters of 0.2 and 1.0 milli- 
meter and are bounded by bright faces, a large amount of blue 
light is reflected directly by resonance and small amounts of red, 
orange, yellow, and green are reflected after passing through the 
surface layer of the crystals. The combined effect of all the 
reflected light is a lustrous dark yellow to yellowish green. Simi- 
larly, plane-faced bright crystals having diameters of but 0.01 
millimeter or less, reflect about the same amount of blue by 
resonance but they reflect much more of the light which pene- 
trates the surface, the resulting color being a pure yellow. A 


1 Boum and NicuassEn: Z. anorg. Chem., 182, 1 (1924). 
? ALLEN, CRENSHAW, and Merwin: Am. J. Sci., [4] 34, 341 (1912). 
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mass of crystals of the same size with dull faces have a light 
yellow-brown color. The grains of powdered crystals usually 
have bright but not plane surfaces and give a brilliant orange 
color, for there is less direct reflection and much of the light 
finally reflected from the interior has penetrated deeper and thus 
lost more green and yellow than a powder having plane-faced 
fragments. 

With the extremely minute sub-microscopically crystalline or 
amorphous particles, there is more absorption in the yellow and 
green and by transmitted light, the color appears orange yellow 
in films 0.01 millimeter thick. A powder with grains 0.0001 to 
0.001 millimeter in diameter is bright yellow with a tinge of 
orange, and one with grains 0.004 to 0.007 millimeter in diameter, 
or compact aggregates of smaller granules, is bright orange. 


VERMILION 


Vermilion is the synthetic red hexagonal modification of 
mercuric sulfide which corresponds to the mineral cinnabar. The 
native product does not make a satisfactory pigment, for the 
impurities dull the color and it does not possess the desired 
physical character. The pigment is synthesized by dry and wet 
processes. ‘The former, which is used most frequently, consists 
essentially in the formation of the black sulfide by direct union 
of mercury and sulfur, and its subsequent conversion into the red 
variety by a process of sublimation. Two dry processes are 
generally recognized: the Dutch process and the Chinese process. ! 
The product prepared by the Chinese process is celebrated for its 
fine color which inclines to a carmine. At one time it was 
thought that the Chinese employed a wet method but this was not 
the case.2- The Dutch and Chinese processes are essentially the 
same, any differences in physical character or color being due 
to the care exercised in the sublimation process. 

The wet process depends on the fact that alkali and ammonium 
sulfides and polysulfides dissolve the black sulfide which subse- 
quently precipitates as the less soluble red form.? Rise in 


1 Hurst and Huaton: ‘‘A Manual of Painters’ Colors, Oils, and Var- 
nishes,” 5th ed., 163 (1918). 

* Chem. News, 50, 77 (1884); J. Soc. Chem. Ind., 1, 95 (1882). 

’ BRUNNER: Pogg. Ann., 15, 593 (1829); Frrmenicu: Dinglers polytech. 
J., 172, 370 (1864). 
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temperature and excess sulfur favor the process.! The most 
satisfactory method of preparation is to heat the black sulfide 
at 100° in a closed vessel. The black modification is more 
readily soluble in concentrated sodium or potassium sulfide than 
in ammonium sulfide. The pigment formed with alkali sulfide 
in the presence of excess mercuric salt is much darker than the 
vermilion powder formed with ammonium sulfide. The dark 
product consists of crystals sufficiently large to be easily recog- 
nized by the naked eye. When the larger crystals are ground up 
fine, the color is scarcely distinguishable from the ammonium 
sulfide preparation. 

It is difficult to remove completely the adsorbed sulfide and 
sulfur from vermilion prepared in the wet way and these impuri- 
ties are detrimental to the product. For this reason, Picton and 
Linder* recommend heating the sol in a closed vessel from 160 to 
170° for several hours until the desired shade of red is produced. 
Instead of starting with the black sulfide, Liebig* heated freshly 
prepared infusible white precipitate, NH2HgCl, with ammonium 
polysulfide at 45°; and Hausamann? heated a solution of the white 
precipitate in concentrated sodium thiosulfate. 

In addition to its use as a pigment in paint, vermilion is 
employed in making Chinese red ink and for coloring porcelain, 
paper, candles, etc. Most of the numerous temples throughout 
China are painted red with vermilion, since the Chinese look 
upon this as a lucky color. 


Mosatc Goup 


Mosaic gold is the name given to the pigment stannic sulfide 
which was extensively used in the eighteenth century as a golden 
coloring matter in paints. It was prepared then, as now, by 
subliming a mixture of tin amalgam, sulfur, and ammonium 
chloride. For example, on heating 18 parts of tin amalgam 
containing six parts of mercury with six parts of ammonium 
chloride and seven parts of sulfur, ammonium chloride, mercuric 

1S$ranexk: Z. anorg. Chem., 17, 117 (1898); Curisty: Am. J. Sci., [3] 17, 
453 (1879); Ippen: Z. Kryst., 27, 110 (1897). 

2 ALLEN, CRENSHAW, and Merwin: Am. J. Sct., [4] 34, 367 (1912). 

* British Patent, 5120 (1892). 

4 Tiebig’s Ann., 5, 239; 7, 49 (1833). 

6 Ber., 7, 1747 (1874). 
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chloride, and stannous chloride sublime, leaving the pigment 
stannic sulfide in the form of beautiful golden yellow translucent 
scales.! At the present time it is employed as a bronzing powder 
for wood, metals, wallpaper, and gypsum plaster. 

The zine sulfide-barium sulfate pigment known as lithopone 
will be considered in the next chapter. 

1Woutre: Phil. Trans., 61, 114 (1771). 


CHAPTER VIII 
LITHOPONE 


Lithopone is a white pigment consisting of an intimate mixture 
of barium sulfate and zine sulfide prepared in a special way. The 
process patented in 1874 by John B. Orr consists in the double 
decomposition of barium sulfide and zine sulfate in solution, 
followed by igniting the sulfide-sulfate precipitate and quenching 
in water. Before ignition, the precipitate is useless as a pigment, 
having very little covering power or body. Heating changes 
its physical character; first, by dehydrating the zine sulfide; 
second, by rendering it brittle so that fine grinding is possible; 
and third, by increasing the density and thereby increasing the 
body of the pigment. 

Since a suitable pigment cannot be prepared by grinding 
barium sulfate and zine sulfide together, Mann! concludes that 
lithopone is not a mere mixture. A preparation having the 
properties of lithopone is formed by mixing a positively charged 
sol of barium sulfate with a negatively charged sol of zine sulfide. 
Mann regards the mechanism of lithopone formation to be a 
mutual precipitation of oppositely charged colloids. While 
mutual precipitation of colloidal barium sulfate and colloidal 
zine sulfide gives a mixture with the desired physical character, 
it seems unnecessary to postulate the initial formation of oppo- 
sitely charged colloidal particles to account for the nature of the 
product resulting from direct metathesis. The simultaneous 
condensation of barium sulfate and zine sulfide molecules from 
solution will of itself give a more intimate mixture than could 
result from mutual precipitation of the sols and it is probable 
that the former process gives the better product. One can obtain 
a more intimate mixture of barium and strontium carbonates by 
simultaneous precipitation than could result from grinding the 
two powders together. Just as in the case of lithopone, the 


1 Colloid Symposium Monograph, 3, 247 (1925). 
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product resulting from simultaneous precipitation will differ 
in physical character from the mechanically mixed product; but 
it would be far fetched to attribute the qualities of the simul- 
taneously precipitated carbonates to mutual precipitation of 
oppositely charged particles. Moreover, the difficulty of pre- 
paring a positively charged hydrosol of barium sulfate precludes 
the possibility of its formation in the presence of an excess of 
either sulfate or sulfide ion.! 

The ignition of lithopone in the air results in partial oxidation 
of the zine sulfide to zine oxide. Since the presence of much of 
the latter decreases the covering power of the pigment, the condi- 
tions of ignition are adjusted so as to prevent undue oxidation 
and the product is quenched in water.” Heating in the absence of 
oxygen has been suggested;* but, as will be pointed out later,* 
the formation of a small amount of oxide on the surface of the 
zine sulfide particles is an advantage in increasing the stability 
of the pigment to ight. If the pigment contains too much oxide 
and is heated too high, it goes off-color, becoming yellowish 
instead of the desired pure white.® 

When properly prepared, lithopone is one of the most impor- 
tant white pigments for paints and enamels and for compounding 
with rubber and linoleum. It is pure white, very fine in texture, 
and has the same tinctorial strength and greater hiding power 
than zine oxide.6 Unlike white lead, it is non-poisonous, is 
unaffected by sulfurous gases, and is stable in every medium for 
paints except those of high acidity.’ It mixes easily with oils 
and other colors. It is insoluble in water, ammonia, and alcohol 
and is practically fireproof.’ 

Theoretically, equivalent solutions of barium sulfide and zine 
sulfate produce 29.5 per cent zine sulfide and 70.5 per cent 


1Wnhiser: J. Phys. Chem., 21, 314 (1917). 

20’Brimn: J. Phys. Chem., 19, 118 (1915). 

‘’GrirritH: English Patent, 3864 (1877); OstwaLp and Braupr: German 
Patent, 202709 (1905). 

4See p. 186. 

°Cf. Mryrr: German Patent, 246021 (1908); Brase: Ibid., 254291 
(1912); ENGLEMANN: Ibid., 264904 (1913); Erpnmr: Ibid., 324646 (1918); 
Sremau: Chem. Ztg., 44, 974 (1920); 45, 741, 1333 (1921). 

6’ Tocu: “Chemistry and Technology of Mixed Paints,” 26. 

7Morritu and Wane: “Rubber, Resins, Paints, and Varnishes,” 118. 

8Scorr: “White Paints and Painting Material,” 237. 
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barium sulfate. The composition of the commercial products is 
sometimes modified either by the addition of barytes or of zine 
sulfide prior to the ignition. The tinctorial strength and hiding 
power of the pigment are reduced by adding barytes and are 
increased by adding zine sulfide. 

Zine sulfide alone is sometimes employed as a pigment under 
the name metal white or zine white, although the latter term is 
more often applied to the oxide of zine. When properly pre- 
pared, the sulfide possesses good hiding power and, like zinc 
oxide, is not darkened by the action of sulfur or sulfur vapors. 
A large number of patents have been taken out for the technical 
production of the pigment. Thus a fine white product is 
obtained by the action of sodium sulfide on an alkaline solution of 
sodium zincate.! A powder which does not mat together on 
drying results if the precipitation is carried out at 195° under 
pressure.” Good products are reported from the action of sul- 
fur* or of carbon bisulfide* on an alkaline solution of zine oxide. 
It is also obtained from zine blende or other zinc-bearing ores.*® 
Indeed, zinc blende has been finely pulverized and used directly 
without further treatment.® It is also formed in the dry way 
by bringing together the vapors of the two elements and by cal- 
cining zine sulfate under suitable conditions.’ 

A satisfactory pigment must be stable in the light and must 
possess a pure white color. When formed by precipitation 
methods, the adsorbed water can be removed only at relatively 
high temperatures. On ignition in the air, the pigment assumes 
a yellow color which has been attributed to the formation of an 
oxysulfide® but which is probably due to zine oxide, since the 


1 Dp Stuckitf: German Patent, 171872 (1906). 

2 GoLpscHMipT and Soun: German Patent, 262701 (1913). 

3 PIPEREAUT and Vina: German Patent, 223837 (1907). 

4Desacuy: English Patent, 126627 (1919). 

> THuwaites: German Patent, 222291 (1908); English Patent, 9174; 
J. Soc. Chem. Ind., 31, 431 (1912); Cuuerc and Ninouu: German Patent, 
381423 (1920). 

6 RicuterR: Farben-Ztg., 29, 728 (1924). 

7 PippREAUT and HetBronner: U.S. Patent, 1443077 (1918); HeLBRon- 
NER: British Patent, 148351 (1920); Comment: U. S. Patent, 1374435 
(1921). 

8 Dz Struckus: J. Soc. Chem. Ind., 30, 96 (1911). 
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latter is known to be yellow when sintered.!. The color may be 
removed? by heating with NH,HS at 155°; by treating with H.S 
in the presence of H2F 2 or by heating with 2 per cent H2SQ,.’ 


THE DARKENING OF ZINC SULFIDE PIGMENTS IN LIGHT 


Unless special precautions are taken in the manufacture of 
zine sulfide pigments, they blacken in the sunlight and become 
white again in the dark. Attention was first called to this 
phenomenon by Phipson‘ who observed that a gatepost painted 
white with lithopone turned dark during the day and became 
white again at night. The barium sulfate in lithopone is without 
influence or plays but a minor role in the process since zinc 
sulfide alone will exhibit the same phenomenon. Because of the 
importance of this behavior from both a theoretical and a techni- 
cal standpoint, the cause of the blackening and the mechanism of 
the process will be considered in some detail. 

The Cause of the Darkening.—Phipson, who first investigated 
the darkening of lithopone, claimed that it was not due to the 
presence of impurities which form black sulfides, and so was led 
to attribute the discoloration to the presence of a new element, 
similar to lanthanum, which he named actinium. This hypoth- 
esis was disproved by Cawley,® who concluded, by a process of 
elimination, that the black color resulted from a small amount of 
finely divided zine. The first experimental evidence to support 
this assumption was obtained in Bancroft’s laboratory by 
O’Brien® who brought some of the blackened lithopone in con- 
tact with a ferric alum-potassium ferricyanide solution and 
obtained a blue coloration such as would be expected in the 
presence of metallic zinc. More recently, Durst’ showed that a 
blackened lithopone became permanently black if brought in 
contact with a solution of nobler metals such as copper and lead, 
probably owing to the displacement of the heavy metal from 
solution by metallic zinc. It should be pointed out, however, 

1Farnav: J. Phys. Chem., 17, 639 (1913). 

2 De Struckih: J. Soc. Chem. Ind., 30, 96 (1911). 

§Kortscuet and Mrynr: U. 8. Patent, 1001415 (1911). 

4Chem. News, 48, 283; 44, 73 (1881). 

’ Chem. News, 44, 51, 167 (1881); cf. Orr: Ibid., 44, 12 (1881). 

6 J. Phys. Chem., 19, 113 (1915). 

7Z. angew. Chem., 35, 709 (1922). 
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that this evidence is not altogether conclusive since salts of the 
noble metals may react with zine sulfide directly. Thus, silver 
chloride reacts quantitatively with precipitated zine sulfide in 
accordance with the reaction ZnS + 2AgCl— ZnCl, + AgeS 
(black). All doubt as to the cause of the blackening was 
removed by Job and Emschwiller? who obtained several centi- 
grams of zine by the action of the light from a quartz mercury 
lamp on a light-sensitive zine sulfide suspended in water in a 
quartz vessel. The metal evolved hydrogen from acids and 
displaced copper from copper sulfate. Simultaneously with 
the liberation of zine, sulfur was formed which was extracted 
with carbon bisulfide and subsequently crystallized from the 
solution. Besides the primary products, zinc and sulfur, a small 
amount of zine thionate and hydrogen were formed, the latter 
probably resulting from the slight decomposition of water by 
the colloidal zinc. 

In opposition to the view that the darkening is due to colloidal 
zinc, Eibner* claims that the discoloration is caused by the 
presence of metals which form black sulfides. This view is 
altogether untenable: first, because chemically pure zinc sulfide 
is blackened by light;4 and- second, because the addition to 
lithopone of metallic salts such as ferric chloride and lead acetate 
has no appreciable influence on the tendency to darken in light.® 

Conditions for Photochemical Decomposition.—Zinc sulfide 
precipitated from ammoniacal solution with hydrogen sulfide 
or ammonium sulfide consists of minute cubic crystals correspond- 
ing to zine blende or sphalerite. Under ordinary conditions the 
precipitated sulfide is stable but is rendered light-sensitive by 
ignition under such conditions that wurtzite is formed. A 
second requirement for light sensitivity is the presence of an 
excess of water. Specially prepared, chemically pure zinc sulfide® 
will darken, so that impurities are not essential to the process, 
although certain salts, especially soluble zinc salts, increase the 
light sensitivity. Indeed, an unignited zinc blende formed 

1 JANDER and StuHLMANN: Z. anal. Chem., 60, 308 (1921). 

2 Compt. rend., 177, 313 (1923). 

3 Farben-Ztg., 27, 3378 (1922); Chem. Ztg., 47, 13 (1923). 

4Lenarp: Ann. Physik, [4] 68, 553 (1922). 

5 Maass and Kremer: Z. angew. Chem., 36, 294 (1923). 

6 ToMASCHEK: Ann. Physik, [4] 65, 189 (1921). 
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slowly from slightly acid solution will darken on exposure to 
light in contact with a zine chloride solution.' 

The much greater light sensitivity of wurtzite was recognized 
35 years ago by Cawley,” who pointed out that zine blende will 
not darken in ultraviolet light. This conclusion was confirmed 
recently by Schleede* from observations with pure precipitated 
zine sulfide thrown down from alkaline solution. When ignited 
below 850° the sulfide was not darkened by long exposure to 
quartz ultraviolet light and an x-radiogram showed it to consist 
of the cubic crystals of sphalerite. Ignition at 1150° (85° below 
the melting point of wurtzite) gave a product with the maximum 
light sensitivity and an x-radiogram showed it to be hexagonal 
wurtzite. Ignition at 1000° gave a mixture of both blende and 
wurtzite which darkened less readily than pure wurtzite. The 
presence of copper, manganese, or cadmium in amounts necessary 
to cause phosphorescence had no effect on the light sensitivity. 

By carrying out the ignition in the presence of a flux, Schleede 
found the ignition temperature to be of secondary importance. 
Thus, when the sulfide was ignited at as low a temperature as 750° 
in the presence of potassium chloride, an x-radiogram showed the 
formation of some wurtzite and even glass ultraviolet light caused 
darkening. Since Schleede did not know the mechanism of the 
darkening process, he attributed the light sensitivity in the 
presence of chloride to the formation of mixed erystals of wurtzite 
and the halogen. Washing out the chloride destroyed the 
sensitivity to glass ultraviolet light but did not affect the action 
toward quartz ultraviolet light. Ignition with both chlorides 
and bromides gave light-sensitive products but ignition with 
fluorides, phosphates, and borates gave light-stable preparations. 
This is in line with O’Brien’s‘ findings, that the addition of 
phosphates, ferrocyanides, borates, cyanides, or bicarbonates to 
lithopone prevented the darkening or decreased it to an appre- 
ciable extent. 

Cawley,® who suggested that the darkening of zine sulfide was 
due to metallic zine and who first pointed out that ordinary zine 

1 Wiser and Garrison: J. Phys. Chem., 31, 1237 (1927). 

* Chem. News, 68, 88 (1891). 

3Z. physik. Chem., 106, 391 (1923). 

4 J. Phys. Chem., 19, 113 (1915). 

° Chem. News, 63, 88 (1891); cf. O’Brmmn: J. Phys. Chem., 19, 126 (1915). 


LITHOPONE hae 


blende is non-sensitive to light, likewise was the first to recognize 
the importance of the presence of moisture for the blackening. 
Recently Lenard! and Schleede? called attention to the fact that 
more than a trace of moisture is necessary. Indeed the black- 
ening is more marked when the surrounding air is supersatu- 
rated with moisture than when it is saturated and the effect is still 
more pronounced when the sulfide is covered with water. The 
reason for this will be discussed in a later section. 

Since the action of light on phosphorescent zinc sulfide is 
usually accompanied by blackening*® which disappears in the dark, 
some investigators conclude that the phenomena of luminescence 
and darkening are intimately related. Thus Job and Emsch- 
willer* give phosphorescence as one of the requirements for a 
light-sensitive sulfide. Lenard showed, however, that a chemi- 
cally pure, non-phosphorescent sulfide will blacken in the light 
and that a fairly dry phosphor will glow without darkening, the 
latter phenomenon manifesting itself only in the presence of an 
excess of water vapor. Moreover, the blackening of a number of 
zine phosphors was found to require a shorter wave length of light 
than was needed to excite phosphorescence. Thus the darkening 
appeared suddenly at a wave length of 334yup while intense 
phosphorescence maxima were observed by radiations of 430up 
and 360upy, which caused no darkening. It appears, therefore, 
that the two phenomena are not necessarily related although they 
are produced simultaneously by proper excitation. As is well 
known, the darkening of the silver halides by light is not accom- 
panied by phosphorescence. 

Mechanism of the Darkening Process.—Since zine sulfide 
which has not been ignited will not blacken ordinarily, Cawley 
suggests that the ignition results in the formation of some zinc 
oxide with which the remaining zine sulfide reacts in the light, 
as follows: ZnS + 2ZnO —S0O,+ 3Zn. This view is untenable, 
since ignition of lithopone under conditions favorable for forming 
a film of zine oxide over the sulfide particles gives a light-stable 

1 Ann. Physik, [4] 68, 572 (1922). 

2Z. physik. Chem., 106, 390 (19238). 

3LenarD: Ann. Physik, [4] 31, 652 (1910); Bamrwatp: Jbid., [4] 39, 849 
(1912); Tomascuex: Jbid., [4] 65, 195 (1921). 

4Compt. rend., 177, 313 (1923); Lops and ScumiepEsKAmp: Proc. Nat. 
Acad. Sct., 7, 202 (1921). 
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product, while removal of the zine oxide film from such a prepara- 
tion by heating with an acid, restores the light sensitivity.' 
Furthermore, chemically pure zine sulfide is darkened by light. 
Maass and Kempf? believe that the darkening is occasioned by 
the following reaction: 2ZnS —> ZnS. + Zn. This is likewise 
untenable since sulfur instead of the hypotentical zinc disulfide is 
formed in the process. 

Lenard explains the necessity for ignition py postulating the 
formation of polymerized molecules, (ZnS)., which are assumed to 
blacken owing to the ‘liberation or loosening of zinc atoms from 
the molecular union.”’ The subsequent discoloration in the dark 
is attributed to the recombination of the loosened zine and sulfur 
atoms. This mechanism is not satisfactory since it is based on 
some assumptions of doubtful accuracy and since it does not 
accord with all of the experimental observations. In the first 
place, the formation of polymerized molecules of zine sulfide 
has not been proved. Moreover, it is questionable whether a 
“Joosened’’ atom of zine would cause darkening and it is known 
definitely that free atoms of zine are formed. Finally, Lenard’s 
assumption that the blackening-discoloration process is reversi- 
ble, is not in accord with the experimental facts to be recounted 
in the next section. 

It has been known for a long time that a soluble silver salt, 
such as silver nitrate, increases the light sensitivity of silver 
bromide* and Cawley‘ and O’Brien® observed a very marked 
increase in sensitivity of lithopone in the presence of soluble zine 
salts. The sensitizing action of silver nitrate on silver bromide 
has been accounted for® by assuming that the soluble salt acts asa 
bromine acceptor reacting with the latter in accord with the equa- 
tion: Br. + AgNO; + H.O = AgBr + BrOH+ HNOs; but no 
such mechanism can be assumed for the sensitizing action of 


1 O’Brien: J. Phys. Chem., 19, 118 (1915); Maass and Kempr: Z. 
angew. Chem., 36, 294 (1922). 

2 Loc. cit. 

®’VoanL: Pogg. Ann., 119, 497 (1863). 

‘Chem. News, 68, 88 (1891). 

6 J. Phys. Chem., 19, 127 (1915). 

® PLornikow: ‘Allgemeine Photochemie,”’ 346 (1920). 
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zine chloride on lithopone. The recent investigations of Fajans! 
disclose, however, that silver nitrate not only plays the second- 
ary role of a bromine acceptor but it influences the primary light 
process. The mechanism is as follows: Lottermoser? showed that 
silver ions from silver nitrate solution are preferentially adsorbed 
by silver bromide, imparting to the salt a positive charge. 
Fajans and Frankenburger* measured this adsorption quanti- 
tatively and found that every fourth to tenth atom of bromine 
in the surface of the silver bromide particles has adsorbed a silver 
ion from a solution of silver ions as dilute as 1.8 X 10-* molar. 
At higher concentrations it is probable that all the bromide 
atoms in the surface would be covered by adsorbed silver ions 
giving a crystal with the maximum positive charge. 

Since silver bromide crystals belong to the cubic system it 
may develop its [100] faces only and give cubes or it may develop 
other faces giving octahedra. Thus the crystals which form 
from ammoniacal solution show [111] surfaces only.5 The cross- 
section of a portion of silver bromide particles of the cubic form 
and of the simplest octahedral form, may be represented dia- 
gramatically as in Fig. 12: (1) when no ions are adsorbed; (II) 
when every third or fourth bromine atom in the surface has 
adsorbed a silver ion, and (III) when every third or fourth silver 
atom in the surface has adsorbed a bromine ion. The silver 
atoms are designated by +, the bromine atoms by —, and 
the respective adsorbed ions by Ag’ and Br’. Now if one 
represents by an arrow the point at which an electron from a 
bromine jon is transferred to the neighboring silver ion, an 
obvious difference is observed. A smaller amount of energy 
will be required for the electron transfer and hence the libera- 
tion of free silver in the presence of adsorbed silver ion than in 
a normal surface. 


1 Fasans and Beckeratu: Z. physik. Chem., 97, 478 (1921); Fasans and 
FRANKENBURGER: I[bid., 106, 255 (1923); Z. Hlektrochem., 28, 499 (1922). 

2 J. prakt. Chem., [2] 72, 39 (1905); 73, 374 (1906); Z. physik. Chem., 
60, 451 (1907); 70, 239 (1910). 

3Z. physik. Chem., 105, 255 (1923). 

4Cf. Suepparp and Trivevi: Eder, “ Ausfiirhrliches Handbuch der 
Photographie, Grundlage des Negativeprozesses,” 735 (1926). 

5 Cf. Fasans and FRANKENBURGER: Z, physik. Chem., 106, 263 (1923). 
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Fria. 12.—Position of adsorbed ions on the silver halide lattice. 
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Since both zine and sulfur are obtained by the photochemical 
decomposition of a sensitive sulfide, it would seem that, as in 
the case of silver bromide, the primary process consists in an 
exchange of the electrostatic charges of the ions with the libera- 
tion of the free elements. Analogous to the behavior of the 
silver halide in the presence of adsorbed silver ion, it follows that 
adsorbed zine ions will cut down the energy required to decom- 
pose zine sulfide and liberate the atoms of which it is composed. 
Since a salt always shows a strong tendency to adsorb its own 
ions, there is little doubt but that zinc ions will be preferentially 
adsorbed at a zine sulfide surface, just as silver ions are adsorbed 
at a silver halide surface. From this point of view, any factor 
which favors the formation of zinc ions in the immediate region of 
the surface of zine sulfide will tend to increase its sensitivity 
toward light. As a matter of fact, soluble zinc salts have a 
pronounced sensitizing action, whereas insoluble zine salts have 
little effect; moreover, ignition in the presence of a small amount 
of chloride or bromide which form soluble zine salts favors the 
blackening while ignition with flourides, phosphates, or borates 
which form insoluble salts, retards or prevents blackening.! 

The Role of Water.—From the above consideration it follows 
that the role of water in the photochemical decomposition of zinc 
sulfide is merely that of an ionizing solvent for the sulfide and for 
adsorbed zine salts, yielding zinc ions which are adsorbed on the 
surface of the sulfide lattice and sensitize it. As has been pointed 
out, natural zine blende and precipitated blende are ordinarily 
light stable whereas wurtzite is decomposed by ultraviolet light. 
The difference in behavior is readily understood when one recalls 
that wurtzite is 4.5 times as soluble as blende.?, This means not 
only that the stability of the wurtzite lattice is the smaller but 
that it yields more readily the zinc ions which play such an 
important part in the darkening process. 

Since a solution of a suitable acid or zine salt increases the 
sensitivity of wurtzite enormously, it seemed likely that precipi- 
tated zinc sulfide might be made to darken under suitable condi- 
tions. This proved to be the case.* A 20 per cent solution of 

1 See also p. 136. 


2 GmeLin: ‘‘ Handbuch anorg. Chem.,” 8th ed., 32, 201 (1924). 
3 WEISER and Garrison: J. Phys. Chem., 31, 1242 (1927). 
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recrystallized zine sulfate was treated with ammonia short of 
precipitation, and a stream of specially purified hydrogen sulfidet 
was passed into the solution very slowly until precipitation ceased. 
In this way, fairly large crystals were formed in the presence of an 
excess of zinc ion since the precipitation was incomplete, stopping 
when the hydrogen ion concentration became too high. After 
freeing the sulfide from excess sulfate, it was exposed to quartz 
ultraviolet light in contact with zine chloride; and prompt black- 
ening resulted. A sample of the gelatinous sulfide precipitated 
rapidly with ammonium sulfide did not blacken in the presence 
of zine chloride. A distinct crystal structure is therefore essen- 
tial to light sensitivity. 

Since the preferential adsorption of zine ion sensitizes the 
sulfide, it seemed likely that the presence of a salt yielding an 
anion which is more readily adsorbed than the cation would 
stabilize the sulfide. Referring once more to the case of silver 
bromide, it would appear from (III), page 180, that adsorbed 
bromide ion would tend to stabilize the lattice, since the passage 
of an electron in the direction of the arrow would be opposed by 
the electrostatic repulsion of the adsorbed ion. Fajans and 
Steiner? believe that adsorbed bromide ion should sensitize the 
lattice since it is reasoned that an electron should pass from the 
adsorbed bromide ion to the silver with a smaller expenditure 
of energy than from a bromide ion in the lattice. It should be 
pointed out, however, that the transfer of an electron from the 
adsorbed ion will be opposed by the electrostatic repulsion of 
five bromide ions surrounding the silver ion in the surface of the 
lattice while the passage of an electron from a bromide ion to the 
silver in a normal surface will be opposed by the electrostatic 
repulsion of but four ions. It therefore becomes a question of 
fact whether the adsorbed bromide ion will sensitize the normal 
lattice, stabilize the normal lattice, or have no measurable effect. 
Frankenburger* found the spectrum sensitivity threshold to lie 
between 410 and 435yuy for a slightly acid silver bromide con- 
taining adsorbed bromide ion and for a pure dry silver bromide 
formed by the action of bromine on a silver plate and illuminated 

1Lenz: Z. anal. Chem., 22, 393 (1883). 


2Z. physik. Chem., 125, 307 (1927). 
5 Fasans and FRANKENBURGER: Z. physik. Chem., 106, 255 (1923). 
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ina vacuum. The failure of the adsorbed bromide ion to sensi- 
tize the silver salt was attributed by Frankenburger to the 
desensitizing action of hydrogen ion adsorbed on the adsorbed 
bromide. Later Steinert found that the sensitivity of a salt 
with adsorbed bromide was the same in acid and in neutral 
solution. From these observations one would conclude that the 
sensitivity of the normal lattice is neither increased nor decreased 
by adsorbed bromide ion. In some preliminary experiments it 
was found, however, that a sample of silver bromide washed 
repeatedly by the aid of the centrifuge is darkened slightly less 
rapidly when suspended in silver bromide solution than when 
suspended in water. This is in line with Wetzlar’s? observation 
of a century ago that silver chloride darkens less rapidly in sodium 
chloride solution than in water. 

_ Although the light sensitivity of silver bromide is not greatly 
altered in potassium bromide solution, that of zine sulfide is 
decreased enormously in a sodium sulfide solution. Thus a 
sensitive sulfide covered with water was blackened by a 2-minute 
exposure to quartz untraviolet light while the same preparation 
covered by a sodium sulfide solution as dilute as N/50 showed no 
signs of blackening after a 30-minute exposure to quartz ultra- 
violet light of the same intensity. Sodium sulfate and borax 
likewise have a stabilizing influence. In general, any salt with a 
readily adsorbed anion will tend to stabilize the sulfide, 
Nishizawa* found that the sulfide was stabilized by glycerin, 
hydroxides, and the salts and esters of tartaric and polyhydroxy- 
stearic acids. The stabilization was due to the strongly adsorbed 
anions of these compounds, but this was not understood by 
Nishizawa. 

In addition to its action as an ionizing solvent, water may be 
assumed to have a purely mechanical effect, forming a film around 
the liberated zine, thereby preventing its oxidation by oxygen, 
ozone, or the liberated sulfur. This effect must be slight, how- 
ever, since other liquids which wet either zine or sulfur are 
without influence on the darkening. Since an excess of water is 
essential for darkening, it is improbable that the liquid plays a 

1Z. physik. Chem., 125, 275 (1927). 

2 Pogg. Ann., 9, 172 (1827). 


*J. Tokoyo Chem. Soc., 41, 1054 (1920); Chem. Abstr., 15, 1407 (1921); 
British Patent, 156971 (1919). 
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catalytic role similar to that in the thermal decomposition of 
ammonium chloride.!' Maass and Kempf? postulate a reducing 
action of nascent hydrogen formed by photochemical decomposi- 
tion of the required water.* This assumption seems far fetched, 
since either nascent oxygen‘ or hydrogen peroxide® will be formed 
simultaneously and will neutralize any effect of hydrogen. It is 
further suggested that formaldehyde,® formed by the action of 
light on moist carbon dioxide, accelerates the reduction. This 
view is likewise untenable since the blackening goes on in the 
absence of carbon dioxide.? Since Maass and Kempf were the 
first to suggest that adsorbed zinc ion might sensitize zine sulfide 
in the same way that adsorbed silver ion sensitizes silver bromide, 
one is at a loss to know how they happened to overlook the true 
role of water in the darkening process. 

The Decolorization Process.—The decolorization of blackened 
zine sulfide or lithopone takes place in the dark only in the 
presence of oxygen or some oxidizing agent such as chlorine, 
ozone, or hydrogen peroxide. It is obvious, therefore, that the 
process is only partly reversible if at all, the decolorization in the 
air being due to the oxidation of the finely divided metal to white 
zinc oxide or basic carbonate.’ As already mentioned, Lenard’s® 
view is that the photochemical process is reversible. This 
is based on his observation that a sulfide thrice darkened and 
allowed to whiten appears to be as sensitive as the original 
preparation. Apparently, Lenard started out to prove that the 
reaction is reversible or he would not have been content with 
three repetitions. Such a small amount of decomposition takes 
place that the darkening and decolorization must be repeated a 
number of times before a marked decrease in sensitivity is noted. 
Phipson reports that his classic gatepost, painted with lithopone, 

1 Baker: J. Chem. Soc., 65, 611 (1894). 

2Z. angew. Chem., 36, 294 (1923). 

’ BeRTHELOT and GauDECHON: Compt. rend., 150, 1690; 151, 395 (1910). 

4TuHipLe: Ber., 40, 4914 (1907). 

5 Kernpaum: Compt. rend., 152, 1668 (1911). 

° BERTHELOT and GAUDECHON: Compt. rend., 150, 1169, 1327, 1517, 1690 
(1910). 

7 WeiseR and Garrison: J. Phys. Chem., 31, 1239 (1927). 

8O’Brimn: J. Phys. Chem., 19, 113 (1915). 

9 Ann. Physik, [4] 68, 553 (1922). 
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becomes alternately dark in the daytime and white at night for a 
long time; but at last, it remains white. The permanent white 
color on prolonged ageing is probably due to a protecting film of 
oxide or basie carbonate. There is apparently no oxidation of 
the zine sulfide to zine sulfate.' 

Convinced that the photochemical process is reversible, 
Lenard assumes that discoloration in the presence of oxygen, 
chlorine, ozone, or hydrogen peroxide is due to the catalytic 
action of the oxidizing agent on the recombination of zinc and 
sulfur. This view is absurd, since everyone knows that zinc 
reacts more readily with chlorine or ozone than with sulfur. 
Lenard recognizes this condition but gets around it by saying 
that the zine atoms which cause the darkening are merely 
“loosened,’’ whereas we know definitely that the blackening is 
caused by free zine. 


PREVENTION OF DARKENING OF ZINC SULFIDE PIGMENTS 


From a technical standpoint, it is of particular importance to 
prepare lithopone under such conditions that it is not appreci- 
ably discolored by light. From what has been said in the preced- 
ing section the following general rules may be deduced: (1) carry 
out the necessary ignition so that light-sensitive wurtzite is not 
formed; (2) avoid the presence of soluble zine salts which increase 
the light sensitivity; (8) add a salt with a highly adsorbed anion; 
(4) treat the pigment so as to produce a film of oxide or other 
light-stable solid around the zine sulfide particles. 

Theoretically, the simplest procedure would seem to consist in 
ignition of the pigment below the temperature where wurtzite is 
formed. This is apparently what is done by the New Jersey 
Zinc Company.? It is claimed that the lithopone should be 
precipitated in the presence of chloride in order to get a com- 
mercial product with the desired covering power and oil-adsorb- 
ing qualities. Variation in the amount of chloride has a marked 
influence on the ignition temperature which must be employed 
to get the desired physical character. But as already shown, the 
presence of chloride decreases the stability of the pigment toward 


1Wourr: Z. angew. Chem., 37, 333 (1924). 
2 BREYER, CROLL, FarBer, and Sinegmaster: U. 8. Patent, 1411645 
(1922); Brnyur and Farsur; [bid., 1446637 (1923). 
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light,! probably owing to the formation of some soluble zine 
chloride during ignition. Extended observations disclose that 
the ignition temperature curves of covering power and oil adsorp- 
tion on the one hand, and of light stability on the other, cut each 
other. Hence, to obtain a lithopone that is at once the most 
light stable and has the highest covering power, the amount of 
chloride and the ignition temperature should correspond to the 
point of intersection of the curves. Thus, for a lithopone precipi- 
tated from a zine sulfate solution (density 1.16) containing not 
more than 2 grams of chlorine per liter, the best ignition tempera- 
ture is between 700 and 800°. Under these conditions it is prob- 
able that the chief product is the light-stable blende. A rigid 
control of the ignition temperature is essential for a uniform 
product.2. It would seem that the addition of a salt with a 
strongly adsorbed anion would destroy the light sensitivity of any 
wurtzite that was formed. 

Attention has been called to the spontaneous formation of a 
protecting film around the sensitive zine oxide particles by 
repeated darkening and discoloration in air. It is, of course, 
impractical to form a protecting film in this way, but most of the 
earlier methods for obtaining light-proof lithopones involve the 
addition of an oxidizing agent or some salt that will yield an 
insoluble protecting film.* Recent recommendations involve a 
similar principle. For example, Kuzell+ sprays lithopone in the 
air to oxidize the zine sulfide superficially to zine oxide. Thus, 
by igniting lithopone so that little wurtzite is formed or by pro- 
tecting the light-sensitive sulfide with a strongly adsorbed anion 
or a non-sensitive film, products are obtained which appear to 
meet all of the technical requirements. 

1Rocues: Rev. chim. ind., 31, 109 (1922); Srrrnau: Chem. Ztg., 45, 741 
(1921). 

* SINGMASTER and Breyer: U. 8. Patent, 1411646 (1922); SINe@MASTER, 
Breyer, and Parser: Jbid., 1411648 (1922). 

5 O’Brien: J, Phys. Chem., 19, 113 (1915); Cawiny: Chem. News, 68, 
88 (1891); Atprrti; Chem. Zentr., II, 651 (1906); Srninau: Jbid., I, 1593 
(1908); Ostwatp and Brauer: [bid., Il, 1707 (1908); ALLENDoRFF: [bid., 
I, 116 (1909); Brasze: German Patent, 254291 (1912). 

4U.5. Patent, 1899500 (1922); cf., also, Nisnizawa: J. Tokoyo Chem. Soc., 
41, 1054 (1920); British Patent, 156971 (1915). 


CHAPTER IX 
FLOTATION OF ORES 


The concentration of ores by flotation is used chiefly for the 
separation of sulfides from the siliceous gangue with which they 
are usually associated. The operation depends on the property 
of finely divided particles of the sulfides to concentrate prefer- 
entially at an interface. The principles underlying the several 
processes will be discussed in some detail. 


THe BuLK-o1L PROCESS 


The bulk-oil process of ore flotation invented by Elmore in 
1898 is of interest theoretically although it is no longer used 
technically. The process depends on the fact that some sulfide 
ores suspended in water can be removed from the water phase 
by shaking with suitable oils, while the gangue remains in the 
aqueous phase. 

A solid adheres to a liquid which adsorbs or wets it. With 
two immiscible liquids and one solid, selective adsorption comes 
in which leads to varying results as found by Hofmann! and 
Reinders.? Thus, if finely divided gypsum is shaken with water 
and benzene or chloroform, the solid remains in the water; red 
lead, on the other hand, adheres to the surface of the organic 
liquid. In general, the solid particles tend to go into the water 
phase if they adsorb water to the practical exclusion of the organic 
liquid; they tend to go into the organic liquid if they adsorb the 
latter to the practical exclusion of the water; and they tend to 
go into the dineric interface if the adsorption of the two liquids by 
the solid is sufficiently great to increase considerably the miscibil- 
ity of the two liquids at the surface between solid and liquid.* 

1Z. phystk. Chem., 88, 385 (1913). 

2 Kolloid-Z., 13, 235 (1913). 

3 BancrorT: J. Phys. Chem., 19, 287 (1915); Drs Coupres: Arch. 
Entwicklugsmechanik, 7, 325 (1898). 
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The difference in behavior of a number of solid substances when 
shaken with two liquids is shown in Table XX taken from obser- 
vations by Reinders. In this table the letters w, 0, and 7 mean 
that practically all of the solid goes to the water, the organic 
liquid, and the interface, respectively. Two letters such as wi 
mean that the powder goes chiefly to the water phase, but a part 
of it goes to the interface; while w(z) means that a very little goes 
to the interface. 


TABLE XX.—PREFERENTIAL ADSORPTION OF SOLIDS BY LiquiIDS 


Water and 
Suspended a a ee a ee ee 
material ; | 
eal ten A) cco cae 
ISAO lin Re ee eee w w(t) w(t) w w(t) 
CaPasee eee aca wi wi w(t) w (i) w(t) 
(Enotes coc e nce w We w tw wi 
BasOu eee: w(t) wt wi wet wt 
IPD OR Ayaan eerace a t tw hh ee tw 
Malachite.......... 10 t a 1 iw 
Side ea ter Poh SPA OL val v t 2 i tw 
Pb Sth Sa ees 10 ) a ¢ z 
C.. Pen eis 10 er t ? t 
As.Si(col), oar ee See w | w | ow 
| | | 


These observations illustrate the tendency for the sulfides to go 
into the dineric interface; on the other hand, the gangue material, 
such as kaolin and gypsum, tends to remain in the aqueous phase. 
Carbon tends to go into the interface. Recently a flotation 
process has been used to get ash-free coal which yields a new coke 
possessing extraordinary properties.! Colloidal sulfides such as 
those of zine, gold, and copper are coagulated by shaking with 
chloroform or benzene, and subsequently concentrate in the 
dineric interface? just as does colloidal arsenic trisulfide on 
shaking with amyl alcohol. 


‘Bury, Broappripce, and Hutcurnson: Trans. Inst. Mining Eng. 
(London) 60, 243 (1921). 

/  ® YAnEK: Ann. école mines Oural, 1, 45 (1919); Chem. Abstr., 15, 1239 
(1921). 
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It should be pointed out that the conclusions as to the way a 
given pair of liquids will behave with a given solid depend on the 
experimental conditions such as the liquid which wets the solid 
first, the relative amounts of the liquids, and the time allowed 
for equilibrium conditions to be set up. Thus, Hofmann found 
that glass is wetted more readily and more rapidly by water than 
by xylene or petroleum but that an excess of the organic liquid 
will in time displace a film of water from a glass surface. Accord- 
ingly, one would expect glass powder to behave differently 
depending on whether it was treated first with water or with 
the organic liquid. Actually, if the glass is first wetted with 
water and then shaken with kerosene, all the glass goes into the 
water phase, whereas if the powder is allowed to stand for a long 
time with kerosene or heated with it to hasten the removal of the 
air film, some of the glass is carried into the interface and remains 
there for some time. 

It is the opinion of Sulman,! Edser,? and others that the 
flotation process does not depend alone on relative adsorbability 
or wettability, that is, on the fact that the gangue which is more 
easily wetted by water goes to the water phase while the sulfide 
particles which are wetted by water with difficulty, go to the 
interface especially if covered with a film of oil. In addition, 
there is assumed to be partial wetting or the existence of a contact 
angle between solid and liquid which undergoes hysteresis, that is, 
changes gradually until a condition of equilibrium is reached. 
From this point of view, a large hysteresis of the contact angle 
means that any surface of a solid covered by an air film will not 
be wetted immediately although this will happen after a time; a 
slight hysteresis, on the other hand, means that wetting cor- 
responding with equilibrium conditions is attained promptly. 
Favorable flotation conditions are obtained by choosing the oil 
and the electrolytes added to the aqueous phase, so that the 
hysteresis is as large as possible in the case of the sulfide and as 
small as possible in the case of the gangue. 

Until we know with certainty that there is a definite contact 
angle under equilibrium conditions, one is hardly justified in 

1 Bull. Inst. Mining Met., 29, 44 (1920). 


2“ Brit. Assocn. Advancement Sci., Fourth Rept. on Colloid Chemistry,” 
263 (1922). 
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attributing the slow displacement of a film of gas or liquid by 
another liquid to large hysteresis of an alleged contact angle. On 
the basis of adsorption, the contact angle should be zero and it 
has been found experimentally to be zero whenever equilibrium 
conditions are definitely reached and the measurements are made 
with a high degree of accuracy.! 

In the Elmore bulk-oil process, the pulverized ore was first 
mixed with a considerable quantity of water and then shaken with 
a highly viscous oil. The mixture was allowed to stand until 
the water and sand subsided and the oil with its charge of sulfide 
particles floated to the top. The process was expensive tech- 
nically, requiring approximately 1 ton of oil per ton of ore. 
It has therefore been entirely replaced by cheaper and more 
efficient processes, the most important of which is the frothing 
process. 


Tue FroruHina PRrocEss 


The development of successful processes of oil flotation dates 
from Froment’s discovery in 1901? that when small quantities of 
oil and acid are agitated in water, the sulfide particles attach 
themselves to oiled gas bubbles and float to the surface as a 
froth while the gangue sinks to the bottom of the container. To 
get sufficient froth, Froment added small amounts of calcite 
which reacted with acid to give bubbles of carbon dioxide. 
Elmore in 1904 accomplished a similar thing by applying a 
vacuum to the pulp and warming, thereby liberating bubbles of 
air which float up the oiled particles. Both of these methods of 
obtaining the desired froth have been superseded by the more 
satisfactory process of violent agitation with air. 

The importance of the froth or foam in flotation practice calls 
for special considerations of the conditions of froth formation 
and the mechanism by which the ore is concentrated in the froth 
system. 


! Rayueian: Scientific Papers, 3, 393, 420 (1902); Richarps and Carver: 
J. Am. Chem. Soc., 48, 827 (1921); ¢f., however, SutMAN: Bull. Inst. Mining 
Met., 29, 44 (1920); Bosanquer and Hartiny: Phil. Mag., [6] 42, 456 
(1921). 

* British Patent, 12778 (1902); cf., also, Everson: U.S. Patent, 348157 
(1886); DeLprat: Jbid., 735071 (1903). 
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FROTH OR FOAM 


The Foam Former.—A froth or foam consists of bubbles of gas 
surrounded by a more or less viscous film. To get a foam on 
shaking a fluid with air, it is essential, therefore, that there be a 
surface film, in other words, that the concentration in the surface 
shall differ from the concentration of the body of the liquid.! 
In general, a pure liquid will not foam but all true solutions will 
foam provided there is a definite increase or decrease of surface 


Isoamy! Alcohol 


Duration of Foam,Seconds 


Metacresol 
‘ picts Saat 


0 0.5 1.0 1.5 2.0 2.5 38.0 
Concentration, Mols per Liter 


Fic. 13 —Influence of the concentration of foam former on the duration of 
foam. 


tension with concentration. Similarly, a sol will foam provided 
the colloidal particles concentrate in the interface or are forced 
out of the interface. 

Aqueous solutions of the foam-forming material exhibit an 
optimum concentration at which the foam is most stable. This 
is illustrated by the curves of Fig. 13 in which the concentration 
of the solution is plotted against the duration of the foam which 
results on shaking 10 cubic centimeters of solution in a cylindrical 
tube 25 centimeters long and 1.5 centimeters inside diameter.” 


1Cf. Foutk: J. Am. Water Works Assocn., 17, 160 (1927). 
*Bartscu: Kolloidchem. Beihefte, 20, 3 (1925). 
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Contrary to what one might expect, the maximum stability is 
attained at a relatively low concentration of isoamyl alcohol and 
m-cresol. This is not unusual, as will be seen by referring to 
Table XXI which records the maximum duration of the foam 
obtained with a number of alcohols and acids, and the concentra- 
tion and surface tension of the solution giving the most stable 
froth. It is rather surprising that the critical concentration of 
the several solutions possesses surface tensions which are not far 
apart. So far as these observations go, however, 1t appears that 
the solutions with the lowest surface tension give the most 
durable foam. 


TasLE XXI.—PROPERTIES OF SOME FOAM-FORMING SOLUTIONS 


: Optimum Surface tension 
Duration : : 
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seconds us : 
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CCL W SV ROMO LONG noitin Go Qt a ud ae 13 0.0075 57 
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Foam formers are most frequently substances in true solution 
which lower the surface tension and therefore concentrate in the 
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surface film. In practice they are usually non-electrolytes 
slightly soluble in water. An insoluble substance such as oleic 
acid may act as a foam former provided it emulsifies with the 
water. Colloidal frothers like the soluble frothers show an 
optimum in the foam-forming capacity at some fairly definite 
concentration. Thus oleic acid gives a foam with the maximum 
duration of 9 minutes when the emulsion contains 0.5 per cent of 
the oil. 

The Foam Stabilizer.—For a fairly permanent foam, the film 
must be sufficiently viscous in itself or must be stabilized by 
introducing finely divided solids into the interface. In general, 
soap solutions give quite stable foams owing to the relatively 
high viscosity of the soap film. The addition of glycerin, which is 
frequently recommended for making good soap-bubble solutions, 
acts by increasing the viscosity of the liquid and by making the 
surface films soft and flexible. Saponin solutions give more rigid 
bubbles than soap. 

As we have seen, aqueous solutions of ethyl alcohol and of 
acetic acid will foam, but the films are too fragile for the foam to 
last. Such foams will be stabilized by adding a solid powder 
which will go into the interface making a viscous film. Thus 
lampblack will stabilize an acetic acid foam and lycopodium pow- 
der an alcohol foam. Beer gives a stable froth because of the 
presence of colloidal albumoses which concentrate in the inter- 
face.” Ferrie acetate froths readily* because of hydrolysis with 
the liberation of acetic acid, a froth former, and of hydrous 
ferric oxide which is adsorbed at the interface and stabilizes the 
froth. 

The amount of solid which concentrates in the foam film and 
the stability of the foam depend on the nature of the solid par- 
ticles, the degree of subdivision of the particles, and the concen- 
tration of the solution. Thus, gangue materials, such as feldspar 
and quartz, have little or no effect on the stability of an isoamyl 
alcohol foam; on the other hand, sulfide ores such as chalcopyrite, 
zine blende, molybdenite, and galena have a marked stabilizing 
action. 

1 Boys: “Soap Bubbles,” 2nd ed. (1912). 


2 ZEIDLER and Nauck: J. Soc. Chem. Ind., 20, 269 (1901). 
3GLApDsTONE: Phil. Mag., [4] 14, 314 (1857). 
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The degree of subdivision of the solid is extremely important. 
Thus, galena particles varying in size from 900 to 2500 sieve- 
meshes per square centimeter! increase the duration of an iso- 
amyl alcohol foam from 17 seconds to 60 seconds; while the 
stability is increased to several hours by galena particles between 
9000 and 12,000 sieve-meshes per square centimeter in size. 
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Fra, 14.—Influence of concentration of isoamyl alcohol (1) on the amount of 
solid phase in the foam and (2) on the duration of foam. 


The effeet of concentration of the foam-forming solution is 
illustrated in Fig. 14° which shows the influence of the isoamyl 
alcohol concentration (1) on the amount of galena and of molyb- 
denite found in the foam and (2) on the duration of a foam con- 
taining chalcopyrite. It will be seen that the amount of solid 
going into the foam and the stability of the foam pass through a 
maximum with increasing concentration of the aleohol. The 


1 This manner of expressing size of particles means that the particles will 
pass a sieve containing the specified number of meshes per square centimeter. 
* Barrscu: Kolloidchem. Beihefte, 20, 25 (1925). 
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maximum in both types of curve corresponds approximately to 
the concentration of isoamyl alcohol which gives the most stable 
foam in the absence of a solid. The importance of a recognition 
of this behavior for technical ore flotation is obvious. 

The Collector.—If a small amount of an insoluble oil such as 
oleic acid is shaken with water, bubbles of air are formed which 
are coated with a thin film of oil around which is water. Here 
also the oil film is not viscous enough to form a stable froth but if 
a pulverized sulfide ore is introduced into the mixture, the solid 
sulfide particles concentrate in the interface giving a stable froth 
of ‘‘armored”’ bubbles which can be scraped off. The Minerals 
Separation Company took out patents in 1905 for the flotation of 
ores by the use of a fraction of 1 per cent of an oil such as oleic 
acid. An oil containing some soluble constituent which acts as 
froth former gives better results than a straight insoluble oil. 
Thus, the addition of isoamyl alcohol to water before shaking with 
oleic acid and sulfide particles yields a much stabler foam than 
oleic acid and sulfide particles alone. Similarly, kerosene alone 
does not froth with water and the foam formed by adding 
fine particles which are wet by kerosene is relatively instable; 
but if a small amount of cresol, a foam former, is dissolved in 
the water before adding the kerosene and solid particles, a fairly 
stable foam results. 

Substances, such as oleic acid and kerosene, which are effective 
in carrying certain solid particles into the interface are called 
collectors. The best collecting oils are liquids at the tempera- 
ture employed in flotation practice. A number of oils, partic- 
ularly many of the Australian eucalyptus oils, possess the 
properties of both frothers and collectors. The eucalyptus oils 
consist mainly of dextra-pinene and phillandrene. If the content 
of the latter is relatively low, the addition of mineral oil or oleic 
acid is necessary to get satisfactory results. In America the 
use of pine oil or pine tar oil has proven satisfactory with or with- 
out the admixture of such substances as mineral oils, alpha- 
naphthylamine, and potassium xanthate. 

The highly soluble potassium xanthate affects the surface 
tension very slightly even at a concentration well beyond that 
employed in flotation practice. It must act, therefore, as a 
collector and not as a foam former. The xanthate is adsorbed 
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much more strongly by certain sulfide particles and is a much 
better collector than the slightly soluble thiocarbanilide which 
is similar chemically. Since this is diametrically opposed to 
the rule that among chemically similar substances, the least 
soluble is the most strongly adsorbed, Gaudin! suggests that the 
adsorption of xanthate ion from the potassium salt is followed 
by a reaction with the base-metal atom at the surface of the 
mineral, forming insoluble xanthates. 


Such an explanation as this, however, is not entirely satisfactory; for 
if the formation of base-metal xanthates were alone involved, the xan- 
thates should float insoluble sulfates, carbonates, ete., of the metals 
whose sulfides are floated. This is not the case; even large quantities 
of xanthate (several pounds per ton) do not succeed in floating these 
minerals. On the other hand, metal powders are floated by the xan- 
thates, although not nearly as well as the sulfides. The well-known fact 
that sulfides tend to form polysulfides such as K.2S;, suggests the possi- 
bility of the formation, as a surface compound, of a polysulfide having a 
structure 


c= pp—s 
Pb—S —Pb 
ee fs ey 
Go PHN =e eee ht 
C-C—C-H 
Pb—-8 ==Pb===--8" — 
HH 
S—Pb—S8 
Pb—S —Pb 


This hypothesis involves the breaking up of the C= S and C—S8S 
valence links into two C=" S links; that is, the setting up of a tauto- 
meric valence shifting within the group CSS. Explanations of this 
type are not infrequent in the field of organic chemistry. 

This hypothesis explains the fact that pyrites, which has more sulfurs 
than other sulfides, is the most floatable of sulfides; that zine, the xanthate 
of which is comparatively soluble, is the least floatable of the sulfides; 
that non-sulfides of the base metals are non-floatable, and that the base- 
metal powders float indifferently with the xanthates as collectors. 


Since the alleged metallic polysulfides are not definite com- 
pounds as a rule, it seems altogether probable that the polysul- 
fides which Gaudin assumes, are adsorption complexes rather than 
Dalton compounds. In any event, the coated particles are more 

1 Mining Met., 8, July (1927). 
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strongly adsorbed than the uncoated particles at the air-liquid 
interface which constitutes the foam, and so the former are 
floated more readily. 

Suitable oils and potassium xanthate are called collectors 
because their adsorption by the solid particles causes the latter to 
concentrate in the foam film. Since this results in a stabiliza- 
tion of the foam, the collector is sometimes referred to as a foam 
stabilizer. It seems best, however, to reserve the term stabilizer 
for the solid particles which armor plate the bubbles. 

The role of a collector in froth floatation is shown by some 
observations of Bartsch! on the composition of foams formed by 
shaking sulfide ores with 0.25 per cent solution of isoamyl alcohol 
containing varying amounts of oleic acid (Table XXII). More 


TaBLeE X XII.—CoNCENTRATION OF SOLID PHASE IN FOAM 


Ware paice Weight of solid in the foam 
: ‘ es Oleic acid concentration in 
Mineral sieve-meshes 
mols 

per square 
centimeter | 9.0000 | 0.000025 0.0003 
Ca lCOpyrivemereec tise ere 600— 1,600 0.64 3.42 3.91 
1,600— 4,000 1.04 4,29 5.30 
4 ,000— 9,000 ib 330) 4.75 6.43 
| 9, 000-12 ,000 1.65 5.06 7.08 
Moly bdeniten: 9. i. 2 a. 600-— 1,600 2.69 2.98 Pea Ue) 
1,600— 4,000 2.29 2.45 Pye lke) 
4,000— 9,000 ils ogfer’ 2.08 PALOB: 
9 000-12 , 000 1.43 1.48 1.83 
TiNG WlGHAG..<eAeee > 600— 1,600 0.81 2.94 0.85 
1,600— 4,000 1.54 3.90 1h, oe 
4,000— 9,000 2.00) 6.75 3.97 
9 , 000-12 , 000 2.48 6.83 Guan 
Galerie. seme deuo ete exnors 600— 1,600 (0). 28} 2.88 0.39 
1,600-— 4,000 3.28 6.84 0.98 
4,000-— 9,000 6.04 9,35 2.24. 
9 , 000-12 , 000 7.91 10.49 3.14 


1 Kolloidchem. Beihefte, 20, 28 (1925). 
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extended observations with galena are shown graphically in 
Fig. 15. It will be seen that the amount of solid which goes into 
the foam varies with the nature of the sulfide. In all cases, 
there is an optimum concentration of oleic acid for the best flota- 
tion but the optimum likewise varies with the nature of the sul- 
fide. In general, the amount of oleic acid required increases 
with the degree of subdivision above a certain point. Thus the 


13 Grams, finer than 12,000 


Solid Phase in Foam, Grams 


0 0.0001 0.0002 0.0003 0.0004 0.0005 0.001 
Concentration of Oleic Acid, Mols per Liter 


Fira, 15,—Influence of the dispersity of galena on the amount of solid phase in 
the foam. (Dispersity in sieve meshes per square centimeter.) 


optimum concentration is approximately 0.000025 molar for 
particles varying in size between 4500 and 9000 sieve-meshes 
per square centimeter while for particles which pass a 12,000- 
mesh sieve there is a marked increase in the optimum concen- 
tration of oleic acid which is not accompanied by anything like 
a corresponding increase in the weight of material going into the 
foam. ‘Thus, we see that if the particles are too large, the force 
of gravity carries them down out of the foam whereas, if they are 
too minute, the weight required to cover a given oleic acid film is 
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too small. In flotation practice, therefore, the particles of ore 
must be fine but not too fine or the amount of oil required will 
be unnecessarily large. 


MECHANISM OF FROTH FLOTATION 


The mechanism whereby the sulfide particles concentrate in 
the foam is that of selective adsorption. The sulfide particles 
adsorb the collector and are carried into the interface, whereas 
the gangue material does not adsorb the collector and so is not 
carried up into the froth. This is illustrated in a striking way 
by some observations of Bartsch! on the relative adsorption of 
oleic acid by equal volumes of the various minerals (Table 
XXIII). The relative concentrations of oleic acid before and 
after shaking with the mineral are expressed as the ‘“‘drop num- 


TaBLE XXIII.—Apsorprion or OxtEerc Acip By MINERALS 


Drop number after adsorption from 20 cubic 


Minerals ; : 
centimeters of acid 


Concentration of oleic acid,| 0.001 0.002 0.003 
molar. 


0.003 0.0002 


Drop number before ad-| 68.8 73.4 78.4 78.4 48.0 


sorption. 
| 


Chaleopyrites,..4¢1/..000) 30.0 42.9 40.2 49.5 38.6 
Moly bdentte.. 4a. a) oo.0 55.3 48.0 52.2 43.5 
(CACHAN ene eea ieee a en oe Bo 47.5 48.2 53.0 39.5 
wine Plendes..<civess eres) 40.0 56.9 53.4 53.3 42.5 
BYTites ote sek at acral, OO ae 57.8 58.4 56.4 42.9 
Peldspar (essere ens.) 0057 (AL 76.3 76.7 

COOMA TUT epme eapcie te ae ene a i 68.2 72.9 Clipe Vigan 


Dispersity of minerals, | 4,000 to, 900 to | 1,500 to | 900 to | 1,500 to 
sleve-meshes per square | 9,000 1,500 4,000 1,500 4,000 
centimeter. 


1 Kolloidchem. Bethefte, 20, 68 (1925); cf. TrauBpe and Nisnizawa: 
Kolloid-Z., 32, 383 (1923); cf. Taccart and Gavupin: Trans. Am. Inst. 
Mining Met. Eng., 68, 479 (1923). 
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ber.” The values were obtained by neutralizing the suspended 
oil with alkali and measuring with a stalagmometer the number 
of drops in a given volume of the resulting soap solutions. It 
will be noted that the drop number of the several solutions is 
reduced but slightly by shaking with feldspar or quartz, showing 
that this gangue material does not adsorb oleic acid appreciably. 
The sulfide ores, on the other hand, are adsorbed quite strongly 
by the sulfide minerals in the approximate order; chalcopyrite > 
molybdenite, galena > zine blende > pyrites. 

The difference in the tendency of the sulfide ores to concen- 
trate in the foam under varying experimental conditions lies at 
the basis of the differential or preferential flotation of the sulfide 
ores.! In practice, the flotation of zine ores is facilitated by the 
addition of a small amount of copper salt. This is probably due 
to the coating of the zine sulfide particles with a film of copper 
sulfide which is more readily floated. On the other hand, 
the floating of zine sulfide is hindered by the addition of 
such salts as the sulfates of magnesium, sodium, potassium, 
manganese, zinc, and iron, and the cyanides of sodium and 
zinc, thereby making it possible to separate galena from 
sphalerite? technically. 

Attention should be called to Edser’s* view that the role of the 
oleic acid or kerosene is to enlarge the contact angle between the 
air-liquid surface and the water-solid interface of the sulfide. 
It appears, however, that oil acts by being adsorbed by the 
particles rather than by changing an alleged contact angle. 
Thus Vagelert found that certain oxide ores show the same con- 
tact angle as the gangue; and yet the ores adsorb oleic acid quite 
strongly and can be floated® whereas the gangue does not adsorb 
oleic acid and is not floated (see Table XXIV).® 


‘For details see Raustron: Rickard’s “Concentration by Flotation,” 
378-401; Freeman: Jbid., 657, 663 (1921). 

*LysterR: British Patent, 11939 (1913); U. S. Patent, 1203372 (1916); 
cf. GREENWay and Lowry: British Patent, 11471 (19138); U.S. Patent, 
1102788 (1914). 

’ “Brit. Assocn. Advancement Sci., Fourth Rept. on Colloid Chemistry,” 
267 (1922). 

4“Die Schwimaufbereitung der Erze,’’ Dresden (1921). 

5 Cf. Bert and PFANNMULLER: Kolloid-Z., 35, 34 (1924). 

§ Bartscu: Kolloidchem. Beihefte, 20, 72 (1925). 
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TasBLE X XIV.—ApsorpTion or Oxerc Acip BY Oxipic MINERALS 


Drop number of 0.002 molar oleic acid 
After adsorption 3 
legge Before from 20 cubic da 
adsorption centimeters of 
acid 
SQ (eceatnnts | yy Ses Spire tue 73.4 51.0 Will float 
iron 0x10 eG: 2 ese 73.4 42.0 Will float 
S16 (2) a oe ee a 73.4 49.5 Will float 
Heavy spare one. o 73.4 46.2 Will float 
Reldspartoaccweae | 73.4 Onze Will not float 
(IGE ut a eines Rea 73.4 72.9 Will not float 


Action of Acids.—In flotation practice it has been found that 
a better separation of sulfides, especially zine sulfide, from the 
gangue is obtained in slightly acid rather than neutral solution. 
This is readily understood in the light of Bartsch’s! observations 
of the action of acid on the adsorption of oleic acid by the sulfide 
minerals and gangue (Table XXV). The decrease in the drop 
number in the presence of sulfuric acid is evidence of a stronger 
adsorption of oleic acid by the mineral and hence of a greater 


TaBLE XX V.—Errect or Sutruric ActD ON THE ADSORPTION OF OLEIC 
Acip BY MINERALS 


Drop number after adsorption from 
20 cubic centimeters of 0.002 molar 


1ei . 
Mineral Ss eee 
; With 0.001 
Without H.S0O, N H,S0, 
HAlCOPy Lichen an nE eae ee meee 42.9 
Moly Dadenltena = ee eet eee 55.3 
Galena Aap: eee kero acca 47.5 
Lie DlENdGa sae ee ree ea ees 56.9 
DA wae ieee Ae atya carre (PRAT ce Rr ae a 57.8 
CuaTZ oy stir ta taete cecen iat eel diccwirs. tae 71.2 
Heldspatag sav a ia ae en (22 


1 Kolloidchem. Beihefte, 20, 70 (1925). 
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tendency to float. This effect is most marked for zine blende. 
The adsorption by the gangue material is negligible in both the 
neutral and acid media. The greater adsorption by the sulfides 
in the presence of acid is probably due in large part to its cleansing 
action on the surface of the particles. 

Action of Protective Colloids.—Protective colloids such as 
gelatin, saponin, and soap cut down the amount of ore which 
concentrates in the foam as shown in Table XXVI,! in spite of 
the fact that such agents increase the frothing enormously. 
Bartsch? has shown that the protective colloids are strongly 
adsorbed by the sulfide particles; this cuts down the adsorption 
of a collector such as oleic acid and so decreases the amount which 
goes into the foam. Since the action is specific, different ores 


TaBLE XXVI.—Errecr or Protective Couuows on OrE FLOTATION 


(Oleic acid concentration 0.00005 molar. Isoamyl alcohol concentration 
0.25 per cent) 


Grams solid phase in the foam after addition 


of 
O 3 grams : : : : 
ree; bag raine Saponin, | Saponin, | Saponin, Saponin, 
0.000 0.001 0.004 0.008 
per cent | per cent | per cent per cent 
JAVON ENC, comiacin Gen eo ¢ 9.23 9.81 9.63 7.03 
Galena A cncrden aay vs 8.34 5.85 1.07 0.20 
(Chae kereye naa, Gino co cceco- 7.35 7.05 2.98 0.49 
Py titesiene ssn ara nee te 2.34 oa 0.32 0.03 
IMolvind enite mamaria 2.54 2.66 0.25 0.02 
Gelatin, | Gelatin, | Gelatin, Gelatin, 
Ores, 13 grams 0.000 0.0001 0.001 0.003 
per cent per cent | per cent per cent 
ZADG DLN GG: arenes: 9.23 9.98 9.84 6.31 
Galena tk cx cnet ean 8.34 8.41 8.33 Lee 
Chalcopyritevesneenemeree 7.09 7.45 6.35 1.45 
Py bes enor oteen es ae 2.34 1.62 1.13 
Molybdenite.............. 2.54 2.65 2.36 0.26 


1 Bartscu: Kolloidchem. Beihefte, 20, 42 (1925), 
2 Kolloidchem. Bethefte, 20, 71 (1925). 
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behave differently in the presence of the same protective colloid. 
Thus the concentration of zine blende in the foam is decreased 
but slightly in the presence of quantities of saponin or gelatin, 
which will eliminate most of the other sulfides from the foam. 


CLASSIFICATION 


In the froth-flotation process patented originally by the 
Minerals Separation Company,' the relative amounts of air, oil, 
and pulverized ore are such that the bubbles of froth are armor 
plated and are therefore relatively stable. If the amount of air 
is excessive relatively to the ore, the bubbles are not completely 
coated and are therefore instable. These bubbles float up the 
ore but they break shortly after reaching the surface, releasing 
the ore particles which must be removed before they settle back 
with the gangue. This principle is involved in Callow’s flotation 
process.” There are, therefore, two general types of froth- 
flotation processes. To quote from Taggart :° 


Froth flotation comprises two entirely different types of processes 
which resemble each other only in the fact that in both the concentrate 
is removed in the form of a froth composed of gas, liquid, and solid 
matter, preponderantly sulfide material. The processes differ funda- 
mentally both in the place in which concentration is done and in the 
mechanism of the selection of sulfide from gangue. On the basis of the 
first difference the processes may be classified as pulp-body-concentra- 
tion processes and bubble-column-concentration processes. 

Pulp-body-concentration processes may be subdivided, on a basis of 
introducing bubble-making gas, into four types: (1) chemical-generation, 
(2) pressure-reduction, (3) boiling, and (4) agitation. All four types 
depend upon the fact that in a pulp, the liquid part of which is saturated 
with a gas, preferential precipitation of the gas on the sulfide particles 
can be brought about by so changing the conditions of the temperature 
and pressure that the liquid is, under the changed conditions, super- 
saturated. This preferential precipitation of gas from the supersatu- 
rated liquid is enhanced, if the sulfide particles are coated with an oil 
substance, and the presence of such a substance always makes greater 
the force of adherence between the precipitated bubbles and sulfide 


1SuntmMan, Picarp, and Bauuor: British Patent, 7803; U. S. Patent, 
835120 (1905). 

2Cattow: U.S. Patent, 1104755 (1914). 

3A Manual of Flotation Processes,” 3 (1921). 
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particles. As the result of this preferential precipitation of gas on 
sulfide particles in the pulp, and its adhesion thereto, there are formed 
in the body of the pulp agglomerates consisting of one or more gas bub- 
bles with sulfide particles firmly cemented to them. These agglomerates 
later rise to the surface in the form of a froth which is separated as con- 
centrate. Observation of any of the pulp-body-concentration processes 
shows clearly this phenomenon of rising agglomerates whose color indi- 
cates distinctly that concentration has been completed at the surfaces 
of the bubbles composing them below the surface of the pulp, that is, 
within the pulp body . : 

The froth produced in the pulp-body-concentration processes are 
small bubbles, coherent and persistent, and characteristic. The volume 
of gas effectively utilized in floating the mineral is of the order 20 to 50 
cubic feet of solid floated. 

In the bubble-column process, substantially all the concentration is 
done in a column of bubbles above and floating on the surface of the 
body of pulp. In this process the volume of gas effectively used to pro- 
duce concentration is enormously greater than in pulp-body concentra- 
tion, being of the order of 1000 to 2000 cubic feet of solid floated. The 
result is that the froth is gradual and evanescent and strikingly different 
from the characteristic of the other class of processes. Further investi- 
gation of the process, by observation of the operation in the glass-sided 
machines, makes apparent the following facts: (1) the bubbles are much 
larger than in pulp-body-processes; (2) they are more numerous; (3) 
they rise from the pulp more rapidly; (4) they arrive at the surface of the 
pulp with a solid load composed of sulfide and gangue in the same pro- 
portions that these exist in the pulp through which they have passed; 
(5) concentration begins at the bottom of the bubble column (7.e., the 
surface of the pulp body) and progresses upward. ‘The actual mecha- 
nism of the concentration itself can be observed by studying the bubble 
column with a hand glass. Such study shows that in the bubble walls 
there is a differential draining of the gangue and sulfide particles; that 
the average downward velocity of the sulfide particles is less than the 
average upward velocity of the bubbles; that the average downward 
velocity of the gangue is greater than the average upward velocity of the 
bubbles; and that, as a result, the sulfides are lifted up and away from the 
gangue. It is apparent, also, from such study that the sulfide particles 
in the bubble column are nowhere firmly adherent to the bubbles, as 
they are in the pulp-body processes. 


THE AGGLOMERATION PROCESS 


The agglomeration process of ore concentration invented by 
Cattermole in 1903 is not a flotation process but it depends on the 
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selective adsorption of oil by sulfide ores and so should be men- 
tioned. In this process, a quantity of oil is added to a flowing 
pulp in the absence of air bubbles. Under these conditions, the 
sulfide particles agglomerate into large globules or granules which 
are heavier than the gangue and so sink to the bottom, allowing 
the gangue to be washed away. While the principle is sound, 
technical processes using it never proved to be sufficiently 
successful to compete with froth-flotation processes. 
1 HEBBARD: Rickard’s ‘‘Concentration by Flotation,” 199 (1921). 


CHAPTER X 


THE PHOSPHORESCENT SULFIDES AS COLLOID 
SYSTEMS 


When properly prepared, certain sulfides have the property of 
phosphorescing after exposure to sunlight or artificial light of 
short wave length. This phenomenon was first observed in 1602 
by Casciorolus, a Bolognese shoemaker, with a barium sulfide 
obtained by calcining barium with carbon. Margraff likewise 
obtained a luminescent calcium sulfide by calcining gypsum 
with combustible matter; and Canton! prepared a similar com- 
pound by calcining oyster shells and sulfur. Phosphorescent 
zine sulfide was first prepared by Sidot? by heating zine blende in 
a stream of sulfur dioxide, hydrogen sulfide, and nitrogen. The 
phosphorescent sulfides of barium, calcium, and zine are fre- 
quently referred to as Bolognian phosphor, Canton’s phosphor, 
and Sidot’s blende, respectively. It is of particular interest that 
the chemically pure sulfides are not phosphorescent on exposure 
to sunlight but a trace of some heavy metal such as copper, 
bismuth, or manganese must be present. Moreover, there 
appear to be centers of phosphorescence containing the heavy 
metals and the quality of the phosphorescent light is dependent to 
a large extent on the nature of the impurity. This suggests 
that the phosphorescent sulfides or phosphors, as they are called, 
should be regarded as colloid systems. 


FORMATION AND PROPERTIES 


Until the early years of the present century, the phosphorescent 
bodies were obtained more or less accidentally. Thus, Vanino 
and Zumbusch* heated alkaline earth oxides, carbonates, or 

1 Phil. I'rans., 58, 337 (1768). 

2 Compt. rend., 68, 188 (1866). 

‘J. prakt. Chem., [2] 80, 69 (1909); 82, 193 (1910); 84, 305 (1911); Vanino 
and Gans; [bid., 71, 196 (1905). 
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hydroxides with sulfur, obtaining sulfides, the phosphorescence 
of which was attributed to the presence of a small amount of 
polysulfide. Similarly Verneuil! obtained phosphorescent zinc 
sulfide by heating natural blende or the precipitated sulfide in a 
stream of hydrogen or hydrogen sulfide. Henry? heated to a 
white heat the sulfide precipitated with hydrogen sulfide from 
an ammoniacal zine chloride solution and Arnold? heated: (1) 
zine with cinnabar, (2) zine oxide in hydrogen sulfide, (3) zine 
sulfate with sulfur and carbon, and (4) zine sulfide from ammoni- 
acal zine chloride. Such directions give but little indication of 
the essential conditions for forming a phosphorescent body; but 
as a result of extended investigations, especially by Lenard and his 
collaborators,‘ the experimental conditions which yield phosphors 
are now quite well defined. To prepare a phosphor, three essen- 
tial components must be thoroughly mixed and heated to a high 
temperature: (1) the sulfide, (2) a small amount of heavy metal 
which will yield a colored sulfide, and (3) a colorless flux. A 
convenient procedure consists in adding the trace of heavy metal 
salt to the zinc salt solution before precipitation. The gel is 
then washed and dried, mixed with the flux, and ignited. 

The Sulfide.—As already noted, the sulfides of calcium, stron- 
tium, barium, and zinc are the basis of the most important sulfide 
phosphors. Phosphorescent sulfides of beryllium® and magne- 
sium* and of sodium and rubidium’ have also been obtained. 
One seems justified in concluding, therefore, that all of the white 
sulfides of the first and second groups may be the basis of 
phosphors. 

The Heavy Metal Impurity.—Some of the early investigators’ 
believed that a very pure sulfide was essential for marked 
phosphorescence. It has been demonstrated repeatedly, how- 

1 Compt. rend., 106, 1104; 107, 101 (1888). 

2 Compt. rend., 115, 505 (1892). 

3 Wied. Ann., 61, 315 (1897). 

4Kxatr and Lenarp: Wied. Ann., 38, 90 (1889); Ann. Physik, [4] 15, 
225, 633 (1904); Lenarp: Jbid., 31, 675 (1910). 

5 Bitz: Z. anorg. Chem., 82, 438 (1913). 

6 TrmpE: Ber., 49, 1745 (1916); Trmpr and ScuiEeepe: Ber., 63, 1721 
(1920); Ann. Physik, [4] 67, 573 (1922); Trmpr and Ricurer: Ber., 55 B, 
69 (1922). 

7 TrepE and Reinicke: Ber., 66 B, 666 (1923). 

8 Cf. VERNEUIL: Compt. rend., 106, 1104; 107, 101 (1888). 
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ever, that chemically pure salts! are incapable of phosphorescence, 
the phenomenon taking place only when the zinc? or alkaline 
earth’ sulfide is contaminated with a trace of heavy metal impur- 
ity. The active impurity is sometimes referred to as the exciter. 
The amount required to bring about phosphorescence is so small 
relatively that special precautions must be observed in preparing 
a chemically pure non-phosphorescent sulfide as standard. 
Tomaschek‘ used the following procedure in preparing a pure 
zine sulfide: A 10 per cent solution of zine sulfate was acidified 
with nitric acid and treated with hydrogen sulfide until it was 
cloudy. The solution was filtered through a membrane filter, 
treated with more nitric acid and boiled for some time, after 
which it was neutralized with ammonia to incipient precipitation 
and the dirty precipitate filtered off. The clear solution was 
next made slightly acid with sulfuric acid and electrolyzed 
warm, air being bubbled through the solution at the same time. 
After filtering, the filtrate was treated with an excess of ammonia 
and saturated with hydrogen sulfide. The precipitate was 
washed thoroughly with hot water, dried, and ignited. Schleede 
and Gantzckow® obtained a non-phosphorescent salt from a dilute 
solution of recrystallized zine sulfate which was made slightly 
alkaline with specially prepared ammonia‘ and precipitated with 
specially prepared hydrogen sulfide.’ 

Starting with a pure sulfide, Tomaschek showed that the pres- 
ence of as little as 0.000006 gram Cu per gram ZnS is sufficient to 
induce a bright phosphorescence. Increasing the heavy metal 
content increases the intensity of the momentary luminescence® 


1LeBon: Rev. sci., II, 338 (1900); pp Vissmr: Rec. trav. chim., 20, 435 
(1901). 

* Hormann and Ducca: Ber., 37, 3407 (1904); Grin: Ibid., 37, 3076 
(1904); Jortssmen and RrneEr: Jbid., 87, 3983 (1904). 

§’Lenarp and Kuarr: Ann. Physik, [4] 15, 225, 425, 633 (1904); Vanino 
and Gans: J. prakt. Chem., [2] 71, 196 (1905); Mournio: Compt. rend., 129, 
1236 (1899); 160, 174; 161, 172 (1915); Wamntia: Z. physik. Chem., 61, 
435 (1905); BurnincHaus: Compt. rend., 144, 839, 1040 (1907); KowausKy 
and Garnipr: I[bid., 145, 391 (1907). 

4 Ann. Physik, [4] 65, 189 (1921). 

5Z. phystk. Chem., 106, 37 (1923). 

6 RicHarps, K6runmEr, and Timpn: Z. anorg. Chem., 61, 323 (1909). 

7 Trepp and ScHLEEDE: Ber., 58, 1721 (1920). 

® See p. 166. 
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up to a certain point and then causes it to decrease. For a 
zine-copper phosphor, the maximum concentration is 0.0002 gram 
Cu per gram of ZnS and for a zine-manganese phosphor it is 
0.004 gram Mn per gram of ZnS? 

Failure to start with pure material and to recognize the 
importance of the right amount of impurity, are responsible for a 
great many contradictory observations. Thus MacDougall, 
Stewart, and Wright® claim that most of the elements of the 
periodic table will cause zine sulfide to give a green phosphores- 
cence when insolated. This observation is undoubtedly due to 
the presence of a trace of copper in the original sulfide. Simi- 
larly, Schmidt‘ claims that the phosphorescence of zine sulfide is 
weakened or actually prevented by the presence of salts which 
give dark-colored or black sulfides and so recommends the use of 
sodium tungstate as an exciter. It is altogether probable that 
Schmidt’s preparation contained copper to start with: first, 
because he did not take special precautions to remove it, and 
second, because his product gave what he called ‘“‘magic green”’ 
phosphorescence which is characteristic of the zine-copper phos- 
phor. When he added copper he exceeded the maximum amount 
for good phosphorescence and so came to the erroneous conclusion 
that copper and similar metals must be avoided in preparing 
zine phosphors.? 

Iron salts are said to have a destructive effect on the glow of 
zine sulfide® but this, too, appears to be a conclusion based on 
faulty experimentation, since Schleede and Gantzckow’ find iron 
salts to be effective in amounts but one-fifth that of copper. 
Since copper and manganese are especially good exciters for both 
zine sulfide and the alkaline earth sulfides and since iron is a good 
exciter for the latter, it is not surprising to find that it works with 
the former when present in the nght amount. It is not always 
true, however, that a good exciter for one phosphor will be a good 
exciter for another phesphor. Thus the presence of a trace of 

1Cf., also, LeNARD and Kuatr: Ann. Physik, [4] 15, 225, 425, 633 (1904). 

2 TomascHEK: Ann. Physik, [4] 65, 189 (1921). 

3 J. Chem. Soc., 111, 663 (1917). 

4 Ber., 55B, 3988 (1922). 

5 Cf. Trepp and Scuupepe: Ber., 56B, 674 (1923). 


§ MacDouaa.u, Stewart, and Wricut: J. Chem. Soc., 111, 663 (1917). 
7Z. phystk. Chem., 106, 37 (1923). 
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bismuth salts will cause the alkaline earth sulfides to phosphoresce 
brightly, whereas zine-bismuth phosphors glow but faintly at 
ordinary temperatures. ! 

Observations on the effect of cadmium on a zinc-sulfide phos- 
phor are conflicting. Thus Tiede and Schleede? obtained a good 
phosphor containing 0.0001 gram of cadmium per gram of zine 
sulfide, whereas Guntz* found that the presence of 1 per cent of 
cadmium sulfide is without effect, although greater amounts give 
a phosphor which glows citron yellow with 12 per cent cadmium 
sulfide, orange with 20 per cent cadmium sulfide, and red with 
30 per cent cadmium sulfide. 

The Flux.—The presence of one or more alkali or alkaline earth 
salts in amounts up to 10 per cent favor the formation of a phos- 
phor with a long period of phosphorescence.* Vanino and 
Zumbusch® observed that sodium sulfate (melting point 880°) 
and lithium carbonate (melting point 660°) have a greater effect 
than potassium sulfate (melting point 1074°) in increasing the 
phosphorescence and that, as a rule, salts of a low melting point 
have more influence than those of a high melting point. Alkali 
chlorides have usually been recommended for the flux in preparing 
zine-sulfide phosphors, but Tomaschek found that alkali fluorides 
and mixed alkali and alkaline earth fluorides give as good or 
better results. 

While the presence of a flux is desirable in preparing phos- 
phors, it is not essential, as sometimes supposed. Tiede and 
Schleede® heated both alkaline earth sulfides and zine sulfides 
to a temperature sufficiently high to cause sintering or melting 
in the absence of a flux, and obtained good phosphors. Since 
pure zine sulfide vaporizes below its melting point the required 
temperature was realized by heating under 100 atmospheres 
pressure. The purpose of the flux is to get a satisfactory erystal- 
line structure at a moderate temperature. That it plays but an 
intermediate role is evidenced by the fact that a soluble flux can 


1 ToMASCHEK: Ann. Physik, [4] 65, 189 (1921). 

2 Ber., 58, 1721 (1920). 

3 Compt. rend., 177, 479 (1923). 

4Lenarp and Kuarr: Ann. Physik, [4] 15, 225, 663 (1904). 
5 J. prakt. Chem., [2] 80, 69 (1909); 82, 198 (1910). 

6 Ber., 58, 1721 (1920); Centr. Mineral. Geol., 154 (1921). 
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be washed out quantitatively after ignition without influencing 
the phosphorescence appreciably. 

To obtain a good zine-copper phosphor Tomaschek! found the 
optimum ignition temperature with a flux to be 950 to 1000° 
and for a zine-manganese phosphor, 1100°. Prolonged phos- 
phorescence is favored by ignition for a considerable time; but 
30 minutes is usually sufficient to give a satisfactory product. 
The actual temperature and time of ignition necessary to get a 
product possessing the required structure will naturally vary with 
different sulfides. 

Crystal Structure.—A sulfide will not phosphoresce unless it 
possesses a distinctly crystalline structure.? If the ignition 
temperature is so high that the surface of the sulfide is glazed 
no phosphorescence will result. Schleede* claims that sudden 
cooling of the ignited sulfide causes crystal deformation which is 
essential for a good phosphor. Phosphorescence can be entirely 
prevented in a zinc sulfide containing the required ingredients, 
by allowing the crystals to form slowly and uniformly.’ An 
x-radiogram of a highly phosphorescent zine sulfide gives 
evidence of crystal deformation. ® 

While the alkaline earth sulfides crystallize in the cubic system 
only, zine sulfide crystallizes as both blende and wurtzite, the 
transition point being 1020°. Some evidence indicates that both 
forms can be made phosphorescent’ but Schleede claims that 
the property is associated with wurtzite alone. In support of 
this view is Tomaschek’s observation that the best phosphors 
are obtained by ignition at a high temperature and Guntz’s® 
report that wurtzite phosphors glow longer than blende phos- 
phors. The weaker phosphorescence of the latter is attributed 
by Schleede to the presence of a small amount of wurtzite in the 


1 Ann. Physik, [4] 65, 189 (1921). 

2 ScHLEEDE and GantzcKkow: Z. physik. Chem., 106, 46 (1923). 

3Lenarp: Heidelberger Ber. (1918); ScuuEEpE and GanrzcKxow: loc. 
crt. 

‘7. Physik, 18, 109 (1923). 

6’ Trppe and ScuiEEpE: Ber., 63, 1721 (1920). 

6 SCcHLEEDE and GANTzcKow: Z. physik. Chem., 106, 37 (1923). 

7GuntTz: Compt. rend., 174, 1356 (1922); 177, 479 (1923); TomMascHEK: 
Ann. Physik, [4] 65, 189 (1921). 

8 Compt. rend., 174, 1356 (1922); 177, 479 (1923). 
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blende rather than to the blende itself. In line with this 
Schleede and Gantzckow found by x-ray analysis that wurtzite 
is converted into blende by grinding; and grinding a zine sulfide 
phosphor destroys its power to phosphoresce.t On the other 
hand, grinding or applying pressure to an alkaline earth phosphor 
likewise destroys its phosphorescing power without any change 
in the crystal structure.” 

The phosphors may be almost white in color but as a rule they 
are darkened somewhat by the presence of the heavy metal 
sulfide. Zine sulfide phosphors are blackened by exposure to 
light? owing to the liberation of metallic zinc. The prolonged 
action of light causes an appreciable decrease in the intensity 
of the phosphorescence. ‘Thus, 300 hours’ exposure to amercury 
lamp cuts down the intensity to three-fourths the original value.* 
The reducing action of formaldehyde is much more pronounced, 
15 minutes in the vapors of the compound reducing the intensity 
95 per cent.> Since, in both cases, the surface of decomposition 
is covered with finely divided zine, it is probable that the black 
film of metal is largely responsible for the diminished intensity 
of the glow. 

Grinding or the application of pressure to both alkaline earth 
and zine phosphors causes all of them to change color on sub- 
sequent exposure to light.6 The original color is restored by 
warming or by the action of red light. The cause of the dis- 
coloration after pressure is uncertain. The phenomenon reminds 
one of the photochemical decomposition of zine sulfide but just 
how the application of pressure would bring about the decompo- 
sition of an alkaline earth phosphor is not obvious.? 


1Gunrz: Compt. rend., 174, 1356 (1922); Maass and Kemper: Z. angew. 
Chem., 36, 296 (1923). 

*Lenarp and Kuarr: Ann. Physik, [4] 12, 489 (1903); Lenarp: Elster- 
Geitel Festschrift, 669 (1915); Ann. Physik, [4] 68, 563 (1922). 

3Lenarp: Ann. Phystk, [4] 31, 652 (1910). 

*Lors and Scumiepeskamp: Proc. Nat. Acad. Sci., 7, 202 (1921); Bamr- 
waLp: Ann. Physik, [4] 39, 849 (1912). 

5Lenarp: Ann. Physik, [4] 68, 569 (1922). 

®Lenarp and Hausser: Heidelberger Ber., 19th paper (1913); Lenarp: 
Elster-Geitel Festschrift, 669 (1915). 

7 Cf, SraLony-DosrzaNnski: Z, Physik, 38, 841 (1926). 
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The action of light on a phosphor in many instances increases 
the conductivity of the powder.! Light also increases the 
dielectric constant of phosphorescent sulfides, especially Sidot’s 
blende.? It has been suggested that the strongly marked 
crystalline structure of zine sulfide is an important factor in the 
latter phenomenon, and that the effect may be connected with 
the selective photoelectric effect of copper, which is the active 
material in phosphorescent blende. 


THE PHOSPHORESCENT LIGHT 


The phosphorescence spectrum always consists of one or more 
continuous bands having maxima at different wave lengths, the 
position and number of which depend on the nature of the sulfide 
and the small amount of heavy metal impurity. The intensity 
and duration of the luminescence is influenced by the wave 
length of the exciting light, the temperature of the phosphor, and, 
as already noted, by the flux employed and the ignition tempera- 
ture. These several effects are illustrated by some observations 
of Tomaschek on zine sulfide phosphors as given in Table X XVII. 


TaBLE XX VII.—Zinc SULFIDE PHOSPHORS 


Ignition Color of phosphorescence 
Heavy metal, T 
grams per gram Flux , Sea aheae After exciting 
, Time, ature, Room 
of ZnS : at —180° and 
minutes degrees temperature . 
; warming 
centigrade 
Cn O:000lie 14 cs5 sae NaCl + MgFs2 100 1000 Bright green 
Mn 0.0020.........| CaF2 + KCl 30 1300 Lasting, clear 
yellow red 
BY O0040- 2.6 «solos NazSO4 + CaF 2 30 900 Weak dark | Clear blue to 
red strong red 
Phy OL 0002 avenue diese K2S804 15 900 Very weak Very clear 
blue to yel- 
low green 
Ag 00002. a5 0 02> CaFe + KCl 30 900 Very weak Clear violet 
Cr 0. COTO seed, Sateinaternenrs eta Ee Soeur? None Yellow 


1GuppEN and Pout: Z. physik, 1, 365 (1920); 2, 181, 361 (1920); 4, 206 
(1921); 7, 65 (1921); Ann. Physik, [4] 68, 154 (1922); Mouruan: Z. phystk, 
4, 262 (1921); TomascuEK: Ann. Physik, [4] 65, 189 (1921); Curr: Compt. 
rend., 172, 272 (1921); Rupr: Ann. Physik, [4] 72, 81 (1928). 

2GupDDEN and Pouu: Ann. Physik, [4] 68, 154 (1922); Herwna: Z. 
physik, 16, 23 (1923); Scumipt: Ann. Physik, [4] 64, 722 (1921). 
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The conditions noted are those which give the best phosphor with 
the several heavy metal impurities. The aluminum spark was 
used as the exciting light.+ 

For any given phosphorescence band in the spectrum, there 
are usually three or more exciting bands whose wave lengths are 


Distribution of Exciting Maxima (d) 
and Emission Bands (77) 


600 


Fie. 16.—Distribution of exciting bands and phosphorescence bands in zine 
sulfide phosphors. 


shorter than the emission band, in accord with Stokes’ law. In 
Fig. 16 is shown the position of the several exciting bands and of 
the phosphorescence bands for the zine sulfide phosphors referred 
to in Table XX VII on page 163. 

1Scumipt: Ann. Physik, [4] 68, 273 (1920). 
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The different luminescent bands have their maxima at dif- 
ferent temperatures. Thus, the optimum emission temperature 
of the green a@ band of the zine-copper phosphor is at 20° while 
the violet 8 band and the reddish-yellow y are cold bands, having 
their optimum emission at —60 and —100°, respectively. The 
yellow y band phosphoresces from — 180 to +130° but the glow 
is of short duration at room temperature. The effect of tempera- 
ture on the color of phosphorescence is shown in striking fashion 
with strontium sulfide, which glows pale violet at —20°, violet 
blue at 20°, pale blue at 40°, green at 70°, yellow at 100°, and 
pale orange at 200°.} 

Since every band of the phosphorescence spectrum has a 
definite temperature range, it cannot be generally true as older 
observers” believed, that warming an excited phosphor always 
increases the intensity of the glow and cuts down the time of 
glow. Thus, Nichols and Merritt® measured the time of decay 
of the phosphorescence of a zine sulfide phosphor between — 125 
and 200°, finding one temperature of maximum duration of glow 
at 20°, a second at —40°, and a third at —160°. In general, 
however, an excited phosphor which has ceased to glow at room 
temperature will exhibit thermo-luminescence for a short time on 
warming suddenly.‘ All phosphors may be excited at so low a 
temperature that they exhibit no phosphorescence whatsoever 
but they will start to glow on warming to a temperature corre- 
sponding to the optimum for one of the emission bands. The glow 
is usually eliminated or of short duration at high temperatures; 
thus, zine sulfide phosphors cease to phosphoresce above 200°.° 

At some one temperature a given band may be produced by 
different processes distinguished by the duration of the lumines- 
cence and the wave length of the exciting rays. Thus, if the 
exciting spectrum falls on the phosphor a few seconds only, 


1 BECQUEREL: Compt. rend., 104, 551 (1887); cf. Mourgto: Jbid., 160, 
174 (1915). 

2 DREHER: Chem. Ztg., 5, 726 (1881); Picrpr and Atscuu.: Z. physik. 
Chem., 15, 386 (1894); Le Roux: Compt. rend., 140, 84, 239 (1905). 

3 Phys. Rev., 32, 38 (1911). 

4Vanino and ZumBuscu: J. prakt. Chem., [2] 80, 69 (1909); Dats: 
Ann. Physik, {4] 18, 488 (1904); Lz Bon: Rev. Sci., I], 296 (1900). 

5 WIEDEMANN and Scumipt: Wied. Ann., 56, 219 (1895). 
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certain parts of the surface light up at once but cease to glow as | 
soon as the exciting light is removed. This ‘‘momentary proc- 
ess”’ corresponds to fluorescence. If the excitation is continued 
for some time, the glow increases to a maximum and continues 
after the exciting rays are cut off. This is the “‘ phosphorescence 
process.” Although the exciting regions or bands for the two 
processes usually overlap, they are never coincident. As we 
have seen, there are usually three or more fairly sharp exciting 
bands for the phosphorescence process while for the momentary 
process there is but one band, broader and less sharply defined. 
In many instances, there is a third process which Lenard! calls 
the ‘ultraviolet process.” This manifests itself by a relatively 
faint glow when the sulfide is exposed to the extreme ultraviolet. 
The luminescence bands apparently have the same location in 
the spectrum for each of the three processes. It is interesting 
to note that Stokes’ rule does not hold absolutely for all phos- 
phors. Thus for the @ band of the zinc-copper phosphor, 
Gudden? finds the shortest wave length of the emission to be 
A70uu where that of the exciting light is 497up. 

A sulfide phosphor may be saturated by excitation so that 
further action of ight has no effect on the intensity of the glow’. 
Observations on the decay of an excited phosphor disclose that 
the “light sum,” that is, the integrated phosphorescence emission 
up to the time when the glow ceases, is independent of the tem- 
perature, being the same whether the process takes place slowly 
at a low temperature, more rapidly at an elevated temperature, 
or partly at one temperature and partly at another. If instead 
of heat, infra-red rays are used to speed up the process, the light 
sum is diminished.? The first effect of the excitation is usually 
a sudden increase in brightness, but this is not always true.® 

1 Ann. Physik, [4] 31, 645 (1910). 

2 Physik. Z., 24, 465 (1923). 

3LenaARD: Heidelberger Ber., 48 (1912). 

4WignpEMANN and Scumipt: Wied. Ann., 56, 219 (1895); Mouregto: 
Compt. rend., 128, 557 (1899); Hormann and Ducca: Ber., 37, 3407 (1904); 
Nicuoxts and Murrirr: Phys. Rev., 21, 247 (1905); Curt: Compt. rend., 
172, 272 (1921); 178, 554; 174, 550 (1922). 

5 ARNOLD: Wied. Ann., 61, 314 (1897); Ives and LucxiesH: As- 
trophys. J., 84, 173 (1911); 36, 330 (1912); Phys. Rev., 34, 156 (1912); 
TAYLOR! J, Phys, Chen. Sly llonlo2e 
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The effects are similar to those produced by heating, although 
the actual elevation of temperature of the phosphor is slight. 
To get around this difficulty, Lenard! assumes that the infra- 
red radiation causes a local heating of the ‘“‘centers”’ of emission. 

Using a photoelectric method, Lenard and Hausser? followed 
the decay of phosphorescence on a large number of phosphors. 
Some observations on the a band of a zine-copper phosphor 
excited by a mercury lamp are given in Table XXVIII. The 
numbers in the column headed “light sum” were read off the 
scale of the electrometer and so are arbitrary values. 


TasBLeE X XVIII.—Decay or PHOSPHORESCENCE OF THE a@ BAND IN A ZINC- 
COPPER PHOSPHOR 


Time, minutes “Light sum” Time, minutes “Light sum” 
120 70.0 26.0 6.8 
2.0 57.0 62.0 3.6 
a2 22.8 92.0 ier 
10.0 15.3 125.0 il.,@ 
20.0 10.3 


The law of decay which Lenard and Hausser found to apply 
in the largest number of cases is that which made J~” a linear 
function of the time (J = intensity of phosphorescence). Actu- 
ally, this law seldom applies throughout the whole period of 
decay and does not hold at all in some cases.* 

It is of interest to note that the distribution of energy in the 
luminescence spectrum is the same whether the body is excited 
by light, by x-rays, by cathode bombardment, or by radioactive 
radiations. It frequently happens, of course, that the substance 
tested will not glow under ultraviolet hght but will luminesce if 
excited by more energetic radiation; moreover, the luminescent 
bands may be excited by the different agencies to a different 
extent. But if a single band is considered, it will be found that 


1 Heidelberger Ber., Papers 5 and 7 (1917); Papers 8 and 11 (1918). 

2 Heidelberger Ber., Paper 12 (1912). 

3 Nicuots and Merritt: J. Franklin Inst., 162, [2] 226 (1906); Phys. 
Rev., 21, 247 (1905); 22, 279, 287; 23, 37 (1906); 27, 367 (1908); 32, 38 (1911); 
Ives and Lucxiesu: [bid., 34, 156 (1912); Astrophys. J., 34, 173 (1911); 
36, 334 (1912); Prercy: Phys. Rev., 30, 663 (1910); 32, 115 (1911). 
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the distribution of energy throughout the band is the same, 
irrespective of the mode of excitation.! 


MECHANISM OF THE PHOSPHORESCENCE PROCESS 


As a result of investigations on the phosphorescence of salts 
after exposure to cathode rays, Wiedemann and Schmidt” assume 
that the exciting agent converts the active substance from the 
stable condition A into the unstable condition B. If the return 
of the substance to the condition A is accompanied by the emis- 
sion of light, the phenomenon is called phosphorescence. 
Thermo-luminescence is accelerated phosphorescence occasioned 
by increasing the velocity of the phosphorescent reaction by 
raising the temperature. Fluorescence is attributed either to 
the change from A to B or to the fact that the change from B to A 
takes place during excitation as well as during the subsequent 
decay. 

Most chemists accept Wiedemann and Schmidt’s view that 
the phosphorescence following excitation of a substance is due to 
changes which are essentially chemical in nature.? On the other 
hand, the majority of physicists? follow Lenard in assuming that 
the change which Wiedemann and Schmidt referred to as the 
reaction A to B, consists in the expulsion of electrons from a 
molecule of the active substance, while the recombination of 
the ions formed in this way corresponds to the reverse reaction 
from B to A. 

Any detailed theory of the mechanism of the action of the 
sulfide phosphors must account for the important réle of a trace 
of heavy metal impurity. The hypothesis first put forward by 
de Visser’ and Beilby® assumes that the sulfides of zinc, stron- 
tium, and barium act as a solvent for the trace of sulfides of 
copper, manganese, and bismuth which are ionized in the act 
of forming a solid solution. It is suggested that exposure to 


1 Nicuoxts and Merrirr: ‘Studies in Luminescence,” Publication 152, 
Carnegie Institute of Washington, Chaps. 1 and 9 (1912). 

* Wied. Ann., 56, 243 (1895); WirpemMann: Jbid., 87, 177 (1889). 

§’Bancrorr: J. Franklin Inst., 176, 129 (1913); Witxrnson: J. Phys. 
Chem., 13, 691 (1909); Traurz: Z. physik. Chem., 68, 12 (1908). 

4Cf., however, Perrin: Ann. phys., 11, 5 (1919). 

5 Rec. trav. chim., 20, 435 (1901); 22, 133 (1903). 

6 Proc, Roy. Soc. (London) 74, 506 (1905), 
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light splits the ions still further into electron-like particles which 
recombine with phosphorescence when the stimulus is removed. 

The most widely accepted theory of the structure and action 
of phosphors is the ‘‘center’’ hypothesis of Lenard. According 
to this view, light causes one or more electrons to be separated 
from certain active centers and not uniformly from the entire 
area of the excited sulfide. The areas from which the electrons 
are emitted acquire a positive charge while the displaced electrons 
become attached to sulfur atoms. Phosphorescence is the result 
of the return of electrons from the sulfur atoms to their original 
centers. 

Instancing the calcium-copper phosphor, Lenard assumes that 
the center is a complex, Ca, Cu, §,, in which the calcium sulfide 
forms a closed-chain molecule with the added metal forming a 
kind of side chain that may be represented thus: 

eee “= MEE SS SOM, 5 

mn or oe: 

Cu Cu Cu 
The same phosphor may contain a number of different kinds of 
centers. From such structures, light is supposed to split off from 
the copper an electron which attaches itself to some neighboring 
sulfur atom, returning to its former position in the center after a 
certain interval of time. If the sulfide is too cold during excita- 
tion, there is no phosphorescence because the displaced electrons 
are believed to remain attached. Some, however, do not form 
such attachments but return at once to produce low-temperature 
fluorescence. Warming causes the electrons to return to the 
centers slowly, accompanied by a faint phosphorescence while 
heating causes a rapid return with a more brilliant glow.' 

The theory of Lenard is usually regarded as fairly satisfactory 
because it seems to account qualitatively for practically all the 
phenomena of phosphorescence. Since the same phosphor can 
contain any number of different kinds of centers, all that one 
needs to do in order to account for any observed fact is to postu- 
late the existence of a center possessing the necessary properties. 
While such a flexible theory may possess certain advantages, it 
must be admitted that it is too indefinite to be regarded as any- 


1LENARD, ONNES, and Pauui: Proc. Acad. Sct. Amsterdam, 12, 157 
(1909). 
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thing more than a stage in the evolution of a more exact 
mechanism. 

In view of the importance which attaches to the minute amount 
of impurity in a phosphor, the concept of emission centers con- 
taining the impurity would appear to be a distinct contribution 
to the general theory. Not so much can be said for Lenard’s 
concept of the nature of a center and the way it functions. In 
the first place, it seems rather far-fetched to assume without any 
experimental evidence, that the center is a complex chemical 
combination having such an indefinite composition that it must 
be represented by such a formula as Ca, Cu, §,, to take the case 
of the calecium-copper phosphor. In the next place, one wonders 
why it is assumed that light splits off the electrons from copper 
atoms and the electrons attach themselves to sulfur. In view 
of the nature of the atoms, the exact reverse is what one would 
expect to happen. It will be recalled that the action of light on 
zine sulfide results in a splitting off from the sulfur of electrons, 
which becomes attached to the zine, giving the respective free 
elements.+ 

The Phosphorescent Center.—In the preparation of the sulfide 
phosphors, relatively large erystals are formed by fusing the 
amorphous or submicroscopically crystalline mixture of sulfides, 
usually in the presence of a flux. The minute amount of heavy 
metal impurity is generally assumed to form a solid solution with 
the zine or alkaline earth sulfide, which connotes a more or less 
uniform distribution of the impurity throughout the entire mass 
of the phosphor. Since the heavy metal sulfide possesses a 
crystal lattice different from that of the basic sulfide, it is probable 
that the crystals of the latter, which grow slowly during the 
ignition process, will be quite pure, most of the heavy metal 
impurity being adsorbed at the surface. On account of the 
very low concentration of heavy metal impurity, the latter 
will not be distributed over the entire surface but at points or 
“centers,” as it were. From this point of view, a center in a zine 
sulfide phosphor, for example, is a point on the lattice of a 
zine sulfide crystal where a molecule or a minute crystal of copper 
sulfide is adsorbed.? Since the lattices are different, there is a 

1See p. 124. 


°ScHLEEDE and Gantzckow [Z. physik. Chem., 106, 37 (1923)] assume 
that a copper ion replaces a zine ion in the lattice. 
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condition of strain at the interface which makes it easier for light 
to displace certain electrons. This condition of strain is aug- 
mented by distorting the lattice of the zine sulfide by rapid cool- 
ing of the ignited substance.! This concept of a center of 
phosphorescence accounts for a number of facts without the 
necessity of resorting to improbable assumptions: 

Let us consider, first of all, the quantity of heavy metal 
impurity involved in the luminescence process, taking the zinc- 
copper phosphor as an example. In this case, 0.000006 gram of 
copper per gram of zine sulfide, or approximately 9 molecules 
of copper sulfide for every one million of zine sulfide, is sufficient 
to produce a distinct phosphorescence. It has been demonstrated 
repeatedly that a good phosphor is made up of fairly large 
crystals, the result of ignition for 30 minutes to 1 hour at tem- 
peratures above 1000°. Indeed, Schleede? was unable to obtain 
a good phosphor with crystals sufficiently small to give an x-radio- 
gram with unbroken interference bands, using the Debye method. 
If the crystals in a good zine phosphor vary in size from 0.01 
to 0.1 millimeter in length, as observations disclose,* it is obvious 
that the light which strikes but a portion of the surface of the 
crystals will affect but a small portion of the total mass of the 
phosphor. When one considers that the luminescence bands are 
due entirely to the copper sulfide and that 9 copper sulfide 
molecules per million of zine sulfide is sufficient, it seems alto- 
gether improbable that the few molecules of copper sulfide on the 
surface would account for the quantity of light emitted, assuming 
that the copper sulfide is dissolved, that is, distributed uniformly 
throughout the mass. On the other hand, if minute crystals of 
copper sulfide are adsorbed at points on the surface, which are 
not large for a given mass because of the size of the crystals, it is 
more easy to understand how such a small amount of active 
impurity can be so effective. 

This view of the nature of a center of phosphorescene also 
accounts for the fact that a comparatively small amount of 

1 TomascHeK: Ann. Physik, [4] 65, 193 (1921); ScutmepE and GANTZcCKoW: 
Z. physik. Chem., 106, 37 (1923). 

2 ScHLEEDE and GantzcKow: Z. physik. Chem., 106, 44 (1923). 

3 TomascHEK [Ann. Physik, [4] 65, 194 (1921)] gives 0.003 to 0.10 milli- 
meter but the lower limit was doubtless attained by short ignition at a 
comparatively low temperature which does not yield the best phosphors. 
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copper sulfide will destroy the phosphorescence completely. <A 
uniformly distributed layer of black copper sulfide on the surface 
will not only cause an even distribution of strain over the surface 
but will prevent the light from reaching the sensitive interface. 
Moreover, this view accounts for the observed variation in the 
maximum amount of copper sulfide which will yield a good phos- 
phor. Other things remaining constant, the maximum amount 
will be higher the smaller the crystals, that is, the greater the 
surface for a given mass. Finally, this concept accounts for the 
fact that grinding a phosphor cuts down or destroys the phos- 
phorescence: the active surfaces are covered over with inactive 
powder during the grinding process. 

The Phosphorescence Process.—In general, the pure sub- 
stances of which a sulfide phosphor is composed are stable in the 
presence of ultraviolet light. Considering once more the zinc- 
copper phosphor, it has been found that zine sulfide is decomposed 
by light only in the presence of zinc ions! and copper sulfide is 
quite stable. But when light strikes a zine sulfide-copper sulfide 
interface where there is a condition of strain, electrons are split 
off from sulfur ions and taken up by copper ions, giving elemen- 
tary copper and sulfur which recombine with the emission of 
light, during excitation (flourescence) and after the exciting light 
is removed (phosphorescence). If one objects to the assumption 
that the rearrangement of electrons by the action of ultraviolet 
light always results in the liberation of the elementary substances, 
the alternative is to assume that the electrons are displaced in 
the direction which would lead to the liberation of the elements 
if the energy applied were sufficiently great. In any event, the 
exciting light induces a chemical change which is essentially a 
reduction process, the subsequent oxidation causing the 
luminescence. 


APPLICATIONS 


The most important technical use of the phosphorescent 
sulfides is in the manufacture of luminous paints. For this 
purpose, a phosphorescent calcium sulfide was first used by 
Balmain about 1877 on watch and clock dials, ete. Since it 
was necessary to expose the articles to ight in order to render the 

1 Cf. WeIspR and Garrison: J. Phys. Chem., 31, 1237 (1927). 
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paint effective, Balmain’s paint has been largely replaced by 
self-luminous paints which consist of phosphors, usually of zine 
sulfide’ mixed with a small amount of radioactive substance, 
the a-rays from which excite luminescence.? Probably the best 
radioactive substance to use is radium itself* although the cheaper 
mesothorium or radiothorium may be employed. Commercial 
products contain from 30 to 300 micrograms of radium per gram 
of zine sulfide. The luminescence of the phosphors are roughly 
proportional to the radium content, but the rate of decay of the 
phosphorescence is likewise proportional to the radium content, 
so that phosphors containing the most radium are brightest at 
the outset but show the most rapid falling off in intensity of glow. 
The decay in luminescence is due to the destruction of the phos- 
phorescent centers by continuous bombardment of the a particles. 
The relation between the brightness of luminescence and the 
time is a hyperbolic one.® 

To use the luminous material, it is mixed with a suitable vehicle 
usually some form of clear transparent varnish, the resulting 
thick paint being applied by means of a fine stiff hand brush or a 
stylus. Paper, porcelain, mica, and metal discs of all sorts bear- 
ing figures, lines, or diagrams are now treated with the paint. 
For some instruments, such as those used on airplanes and gun 
sights, the requirement of luminosity outweighs other considera- 
tions of cost and effective life; hence, preparations are employed 
which have a relatively high radium content. For many pur- 
poses, however, such as the use on marching compasses, wrist 
watches, push buttons, etc., preparations possessing a lower 
initial luminosity are quite satisfactory and such material has 
the advantage of lower cost and longer life. Francis® has 
outlined a procedure for recovering radium from a luminous 
paint after it no longer functions. 


1Of., however, Prager: Chem. Abstr., 15, 2003 (1921). 

2 BECQUEREL: Compt. rend., 129, 912 (1899); 137, 629 (1903); Curip and 
DesiERNE: Jbid., 133, 931 (1901); Curie: J. chim. phys., [7] 1, 409 (1903); 
Physik. Z., 5, 281, 313, 345 (1904). 

3 Vio“ and Kammer: Z'ran. Am. Electrochem. Soc., 32, 381 (1917). 

4Bernpot: Chem. Ztg., 45, 505 (1921); Baur: Chem. Abstr., 10, 2840 
(1916). 

5 Dorsgy: Tran. Am. Electrochem. Soc., 32, 389 (1917). 

8 J. Soc. Chem. Ind., 41, 94 T (1922). 
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Phosphorescent sulfides may be used to coat the back of arti- 
ficial pearls, paste diamonds, rubies, emeralds, opals, etc., caus- 
ing them to exhibit a change in color in twilight and to be 
luminous in the dark.! The use of phosphors for lighting may 
be accomplished by coating a vacuum tube containing rarefied 
nitrogen, argon, or air which is excited by a high-frequency 
current.2 The efficiency of the process is not reported but it 
is probably quite low. 

Scientifically, phosphorescent zine sulfide is employed in the 
spinthariscope and in phosphorescent light screens? which are 
used in investigating the properties of x-rays‘ and canal rays.°® 
Miethe® obtained direct photographic positives by means of 
luminescent zine sulfides. 

1SauvaceE: British Patent, 176687 (1921). 

2 RistpR: British Patents, 207786, 208723 (1923). 

3 Crookzrs: Chem. News, 87, 241 (1903); RurHerrorpD and GBIGER: 
Proc. Roy. Soc. (London), 814A, 141 (1908); Gresex: Ber., 35, 3610 (1910). 

4 DANNEBERG: Phystk. Z., 8, 787 (1907). 

> BaprRwaLp: Ann. Physik, [4] 39, 866 (1912). 

6 German Patent, 352165 (1922). 
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COLLOIDAL SULFATES 


CHAPTER XI 


THE COLLOIDAL SULFATES OF BARIUM, STRONTIUM, 
AND LEAD 


COLLOIDAL BARIUM SULFATE 
THE PRECIPITATED SALT 


The effect of the concentration of the interacting solutions on 
the physical character of precipitated barium sulfate has been 
studied in detail by von Weimarn and an account of his observa- 
tions is recorded in Chap. J. The solubility of the salt is appreci- 
able, 0.0024 gram per liter at 18°; hence, on mixing the ordinary 
laboratory solutions of barium salts and sulfates, barium sulfate 
is obtained as a more or less immediate crystalline precipitate. 
On the other hand, if the concentrations of the interacting solu- 
tions are quite high, there results an enormous number of 
extremely minute particles which adsorb water yielding a 
gelatinous precipitate or a jelly. The gels formed in this way 
change spontaneously into granular precipitates on standing for 
a short time. Kato! obtained much more stable gels by the 
interaction of sulfuric acid and barium acetate in an alcohol- 
water mixture in which barium sulfate is much less soluble than 
in water alone. Similarly, Lenher and Taylor? prepared stable 
gels by the interaction of dilute solutions of barium chloride 
and sulfuric acid in selenium oxychloride, in which barium sulfate 
is almost entirely insoluble. Careful observations disclose that 
selenium oxychloride is without action on polished surfaces of 
barite. Moreover, it has been shown that selenium oxychloride 
does not penetrate barium sulfate crystals. The evidence 
appears conclusive, therefore, that gelatinous barium sulfate 
obtained by means of selenium oxychloride is merely barium 
sulfate made plastic by adsorbed selenium oxychloride, This 

1 Mem. Coll. Sci. Kyoto Imp. Univ., 2, 187 (1909-10). 

2J, Phys. Chem., 28, 962 (1924). 

Via 
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accords with the author’s view! that a gelatinous precipitate con- 
sists of very finely divided solid particles which have adsorbed 
the liquid strongly. The greater stability of the alcogels and 
selenium oxychloride gels as compared with the aqueous gels is 
due both to the lower solubility of barium sulfate in the organic 
liquids and to the fact that the salt adsorbs the organic liquids 
more strongly than water. This is not true of all organic liquids. 
Thus, when barium sulfate is shaken with a mixture of water 
and heptane the salt concentrates in the dineric interface, indicat- 
ing that the adsorption of the two liquids is of the same order. 
On the other hand, when the salt is shaken with a mixture of 
heptane and selenium oxychloride it concentrates in the selenium 
oxychloride layer and when shaken with a mixture of selenium 
oxychloride and 70 per cent sulfuric acid it collects in the acid 
layer. 

While the degree of supersaturation as determined by the 
concentration of the reacting ions and the solubility of the result- 
ing salts is of primary importance in determining the physical 
character of precipitates, 1t js well known to analytical chem- 
ists that the physical condition of precipitates is influenced to a 
marked degree by the presence of other substances in solution. 
Thus, barium sulfate comes down in a more finely divided state 
when precipitated with sulfate in excess than when precipitated 
with barium in excess.” Since, in general, any substance which is 
adsorbed by a second will tend to peptize the latter, it follows 
that, other conditions being the same, barium sulfate will come 
down most finely divided when precipitated in the presence of 
those substances which it adsorbs most strongly. Now barium 
sulfate adsorbs its own ions strongly and hydrogen ion is adsorbed 
more strongly than most cations. Accordingly, when sulfuric 
acid is treated with barium chloride in excess, the precipitate 
tends to come down in a finely divided state because of the 
relatively strong adsorption of barium and hydrogen ions. This 
effect is sufficiently great to peptize the salt as a positive sol 
under suitable conditions. _The precipitate would come down 
in a very finely divided form with sulfuric acid in excess were it 

1 Weiser: ‘The Hydrous Oxides,” 23 (1926). 

*Fouitk: J. Am. Chem. Soc., 18, 803 (1896). 

3’ Weiser: J. Phys. Chem., 21, 314 (1917). 
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not for the fact that the strongly adsorbed hydrogen ion neutral- 
izes the adsorption of sulfate. With potassium sulfate in excess, 
the precipitate is finer than with sulfuric acid in excess since 
potassium ion is not strongly adsorbed. The presence of hydro- 
chlorie acid tends to give a coarser precipitate because of the 
solvent action of the acid. 

Since the analyst is usually called upon to determine sulfate 
rather than barium, the question of getting the barium sulfate 
in the proper physical condition for quantitative filtration has 
received considerable attention. A readily filterable precipitate 
is ordinarily obtained by adding the barium salt drop by 
drop with vigorous stirring to the boiling sulfate solution con- 
taining a small amount of hydrochloric acid. Since the solu- 
bility of barium sulfate is increased greatly by the presence of 
hydrochloric acid, the concentration of the latter is ordinarily 
kept quite low. Murmann! points out that complete precipita- 
tion results in the presence of a relatively large amount of 
hydrochloric acid provided ethyl alcohol is added and the 
filtration carried out in the cold. 

While slow addition of barium chloride-to the hot sulfate 
solution acidified slghtly with hydrochloric acid ordinarily 
yields a granular, readily filterable salt, an occasional precipitate 
is obtained which is too fine to be retained, even by a close filter. 
It is common practice to digest such a precipitate at the boiling 
point until it takes on the desired physical character. The 
coalescence of barium sulfate precipitates by digestion is ordi- 
narily attributed to the growth of larger particles at the expense 
of smaller, but Trimble? showed that the solution pressure of 
barium sulfate at about 100° ceases to be a function of particle 
size for particles larger than about 24 in diameter. Odén* 
boiled a suspension of barium sulfate for 100 hours and observed 
that the number of particles under 0.2u in radius was decreased 
only from 47 to 30 per cent. The observed coalescence by diges- 
tion in the mother liquor is apparently due to the collection of 
the particles into relatively larger clumps, followed by the cement- 


1 Oesterr. Chem. Ztg., 18, 227 (1911); Chem. Abstr., 5, 2382 (1911). 

2 J. Phys. Chem., 31, 601 (1927). 

3 Svensk Kem. Tid., 32, 74, 90, 108 (1920); Chem. Abstr., 16, 971 
(1921). 
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ing together of the unit particles into aggregates which are 
retained by the filter. To speed up the growth of larger particles 
at the expense of smaller ones, Krak! recommends pouring off 
the supernatant liquid and adding 10 cubic centimeters of 
saturated ammonium acetate solution, the solvent action of 
which causes the particles to grow to readily filterable dimen- 
sions.2. Kaus’? claims that the addition of macerated filter 
paper, to which the minute particles cling, is effective in prevent- 
ing the precipitate from running through. 

It has been observed by Hulett* and confirmed by Dundoné 
that finely ground barium sulfate added to a saturated solution of 
the salt caused an increase in conductivity which rose to a maxi- 
mum and then decreased slowly, finally approaching that of 
the normally saturated solution. This changing conductivity is 
usually attributed to changing solubility with size of particles; 
but Balarew® questions whether the greater solubility of smaller 
particles is the important factor. He attributes the increase in 
electrical conductivity on rubbing crystals of barium sulfate in 
contact with the saturated solution to (1) the presence of barium 
chloride in the sulfate, (2) the greater solubility of broken than of 
complete crystals, and (3) the breaking up of atomic aggregates. 
The subsequent fall in conductivity could be due partly to the 
crystallizing out of barium sulfate on account of the solution of 
the chloride; but the velocity of crystallization is much greater 
than the rate of fall of conductivity so that the latter is attributed 
to the slow restoration of equilibrium between the complete and 
broken erystals. While the greater solubility of broken erystals 
may be the determining factor in the experiment referred to, there 
is no doubt but that below a certain size, the solution pressure 
of smaller particles is greater than that of larger ones. Balarew 
raises but does not settle the question as to whether Hulett’s 
experimental method gives a true measure of the change in 
solubility with crystal size. 


1 Chemist-Analyst, 5, 26 (1912). 

*OsBorNE: J. Phys. Chem., 17, 629 (1913). 

3 Chemist-Analyst, 6, 9 (1913). 

4Z. physik. Chem., 37, 385 (1901). 

5 J. Am. Chem. Soc., 45, 2658 (1923). 

6 Z. anorg. Chem., 145, 122 (1925); 168, 213 (1927). 
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The degree of subdivision of precipitated barium sulfate 
employed as a pigment is measured either by determining the 
rate of setting or by determining the height of the sediment after 
agiventime.! The effect of salts on the sedimentation is marked. 
Thus, a quantity of barytes which settled in water to a height 
of 47 millimeters in 2 days, occupied a height of only 37 
millimeters when allowed to settle in 10 per cent sodium chloride 
under the same conditions. This effect was reversed by washing 
out the salt solution. Similarly, barytes which settled to a 
height of 23 millimeters in 1 day in the presence of barium chlo- 
ride, still occupied 51 millimeters after 5 days in the absence of 
barium chloride. Usually barium sulfate settles sharply without 
an opalescent region above the sediment, but in the presence of 
barium chloride, opalescence is produced, indicating peptization 
of the barium sulfate. An opalescent supernatant liquid is also 
produced in the presence of protecting agents, such as glycerin 
and gelatin. 

ADSORPTION BY BARIUM SULFATE 


Because of the intrinsic importance of barium sulfate in 
quantitative analysis, its adsorptive power has been the subject 
of numerous investigations. A quantitative study of the con- 
tamination with barium chloride? of the salt formed by precipita- 
tion of barium chloride by sulfuric acid and of sulfuric acid by 
barium chloride has been made by Richards and Parker* and 
by Hulett and Duschak.* The latter investigators find that 
barium chloride is taken up not only during precipitation but also 
when finely divided crystals are suspended jn a solution of barium 
chloride. As an explanation of the phenomenon, they consider 
the possible formation of complex salts such as BaClHSQO, and 
(BaCl:)250,.° Schneider® investigated quantitatively the con- 
tamination of barium sulfate by ferrous sulfate and Creighton? 

1Limsecana: Farben-Ztg., 29, 334 (1923). 

2 Cf. TESCHEMACHER and SmitruH: Chem. News, 24, 61, 66 (1871). 

3 Z. anorg. Chem., 8, 413 (1895). 

4Z. anorg. Chem., 40, 196 (1904). 

5 Cf. Fouin: J. Biol. Chem., 1, 131 (1906). 

6 Z. phystk. Chem., 10, 425 (1892); cf. GLENDINNING and EpaxEr: Chem. 
News, 24, 140 (1871); Stoanew: Jbid., 44, 221 (1882); JANNAsScH and RicH- 
ARDS: J. prakt. Chem., [2] 39, 321 (1889). 

7Z. anorg. Chem., 63, 53 (1909). 
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made a similar study of the contamination with aluminum sulfate. 
Both Schneider and Creighton regard the phenomenon as a case 
of solid solution, while Richards! compared the contamination 
with ferric sulfate to the occlusion of hydrogen by palladium, a 
phenomenon which probably involves both solid solution and 
adsorption. The work of Kiister and Thiel? and of Korte,’ 
who repeated and extended Schneider’s experiments, indicates, 
however, that the contamination is an adsorption phenomenon. 
Indeed, the adsorption theory seems to offer the only plausible 
explanation of the fact that barium sulfate carries down all 
manner of substances from either true‘ or colloidal solutions;° 
and most investigators subscribe to this explanation of the 
contamination.® Thus, from precise observations on the carrying 
down of a large number of cations by barium sulfate, Johnston 
and Adams’ conclude: 


Since the size of the crystal particles depends on the degree of super- 
saturation, it follows that the degree of fineness of the particles is 
increased by a rapid addition of the precipitant, is diminished by pre- 
cipitating in a medium in which barium sulfate is more soluble, and is 
further diminished when the precipitate remains in contact with a 
medium in which it is soluble by the process of crystallization, the ratio 
of which depends on this solubility. Now these are precisely the con- 
ditions which affect the occlusion when precipitations are made from 
identical solutions. We are therefore justified in concluding that this 
occlusion is a phenomenon of adsorption at the surface of the grains of 
the precipitate and that its amount depends upon (a) the composition 
of the original solution and (b) the initial fineness of the precipitate and 
the amount of recrystallization which has taken place. 


1Z. anorg. Chem., 28, 383 (1900). 

2Z. anorg. Chem., 19, 97 (1899); 22, 424 (1900). 

3 J. Chem. Soc., 87, 1503 (1905). 

4Parrnn: J. Am. Chem. Soc., 25, 186 (1903). 

5 Vanino and Hartt: Ber., 37, 3620 (1904). 

5 WouHLERS: Z. anorg. Chem., 59, 203 (1908); ALLEN and JoHNsTon: 
J. Am. Chem. Soc., 32, 588 (1910); Jounsron and Apams: Ibid., 33, 829 
(1911); Wetsrr: J. Phys. Chem., 21, 317 (1917); Konnscn: Chem. Ztg., 
48, 117 (1919); Opin: Arkiv. Kemi, Mineral. Geol., T, No. 26, p. 92 (1920); 
Duar, SEN, and Cuarrrrst: Kolloid-Z., 33, 29 (1923); cf., however, SmiTu: 
J. Am. Chem. Soc., 89, 1152 (1917); Kotruorr and VoGELeNnzANG: Z. anal. 
Chem., 58, 49 (1919). 

7J. Am. Chem. Soc., 38, 829 (1911). 
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Adsorption of Cations.—The first systematic study of the 
adsorption by barium sulfate of a large number of cations under 
strictly comparable conditions was made by Johnston and Adams. 
The results of their observations as recorded in Table X XIX give 
the amounts in millimols and milliequivalents of the sulfates 
of the various metals adsorbed by 1 gram of barium sulfate when 
precipitated from solutions about 0.003 normal in hydrochloric 
acid and containing the metallic chlorides in the initial concentra- 
tion A = 0 and B = 0.1 normal. The time of precipitation was 


TaBLE X XIX.—ApsorpTION OF CaTIONS BY BARIUM SULFATE 


Sulfate adsorbed by 1 gram of BaSO, 
Metal :: e 

ea yim eee ake MMillinaols 

lequivalents equivalents 

| 
Mapnestum...:.25.... 0.048 0.024 
Bd iibarl, per ce yee ae 0.033 0.033 0.040 0.040 
POAT panes 0.029 0.029 0.043 0.043 
POLaseiel teu es eee 0.033 0.033 0.085 0.035 
AUYSOMIDALEG sre was oo 0.051 0.017 0.060 0.020 
irome(terrous)) 9.24. - 0.074 0.037 0.120 0.060 
INU ate A pees em Paar 0.062 0.031 0.100 0.050 
WODDELy cote tater: 0.082 0.041 0.100 0.050 
Zinc A eee 0.080 0.040 0.100 0.050 
Manganese........... 0.128 0.064 0.160 0.080 
GAIT ae eel 0.160 0.080 0.180 0.090 


4 minutes and the time of standing 4 hours. The adsorption 
values obtained under these conditions are of the same order of 
magnitude; nevertheless, they show considerable variation. If 
the values are expressed in equivalents, one can detect the 
tendency for ions of higher valence to be more strongly adsorbed 
in accord with Schulze’s law. This tendency is less marked 
when the adsorption values are expressed in mols. Moreover, 
when so expressed, the adsorption of trivalent aluminum is less 
than that of either the univalent or divalent ions. In this respect 
aluminum appears quite different from trivalent lanthanum which 
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Frion! found to be adsorbed much more strongly than divalent 
magnesium. 

Germann? studied the adsorption of radium by barium sulfate 
and showed that the same laws of adsorption which apply to the 
adsorption of ponderable masses are applicable with an equal 
degree of accuracy to masses as small as 5 X 10-* grams adsorbed 
per gram of adsorbent. The observations were made by adding 
a known amount of radium-free barium sulfate to 80 cubic 
centimeters of a standard solution of radium barium chloride, 
which was allowed to stand until adsorption equilibrium was 
established, after which the barium sulfate was filtered off and the 
supernatant liquid analyzed for the radium content by the 
emanation method. The data are reproduced in Table XXX. 
These data are in accord with Freundlich’s adsorption formula 


1 
4 = Ken where X is the amount adsorbed by mass M of 


adsorbent, c the equilibrium concentration and K and n constants, 
as evidenced by the fact that a straight line is obtained by plotting 


In 2 against In c (Fig. 17). 


TABLE XX X.—ADSORPTION OF RapIUM BY BarRIUM SULFATE 


: Equilibrium concentration | Decrease in radium con- 
BaSO,4 f : 
eaolored: of Ra after adsorption, centration due to adsorp- 
crams grams per cubic centimeter | tion, grams per cubic centi- 
x 101° meter X 101° 
0.0 22.79 0.00 
0.05 18.55 4.24 
0.10 15.12 7.67 
0.20 9.47 13.32 
0.30 5.86 16.93 
0.40 3.97 18.82 
0.50 2.70 20.09 


In addition to radium, the active substance adsorbed by 
barium sulfate when it is precipitated in solutions containing the 
radioactive constitutents of uranium ores, is chiefly ionium’, 


1 J. chim. phys., T, 101 (1909). 
2 J. Am. Chem. Soc., 48, 1615 (1921). 
3 KAMMER and SILVERMAN: J. Am. Chem. Soc.; 47, 2514 (1925). 
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accompanied by a relatively small amount of actinium and not 
actinium alone as claimed by Debierne.! Strong adsorption of 
ionium by barium sulfate is indicated by the fact that the salt 
has an extraordinary strong capacity to adsorb thorium, the 
isotope of lonium. 

Paneth? and Horovitz? observed that radium is strongly 
adsorbed by barium sulfate and barium chromate, whereas it is 
not adsorbed at all by hydrous chromic oxide and silver chloride. 


3.0 


a 4 16 18 2.0 2.2 24 


Log ¢ 


Fria. 17.—Adsorption of radium by barium sulfate. 


Since radium sulfate and radium chromate are soluble, whereas 
radium oxide and radium chloride are not, Paneth was led to 
conclude that those ions will be relatively strongly adsorbed 
whose compounds with the oppositely charged ions of the ion 
lattice are slightly soluble. As we shall see, this conclusion 
known as Paneth’s adsorption rule is, at best, little more than a 
first approximation. Thus, thorium is adsorbed more strongly 
than radium by barium sulfate although thorium sulfate is 
fairly soluble. 


1 Compt. rend., 129, 593 (1899); 130, 906 (1900). 

2 Physik. Z., 15, 924 (1914). 

3 Horovitz and Panetu: Z. physik. Chem., 89, 513 (1915). 
4See p. 187 and especially p. 217. 


186 THE COLLOIDAL SALTS 


Adsorption of Anions.—When an alkali sulfate is precipitated 
with barium chloride in excess, the most usual analytical pro- 
cedure, the determinations are too low, since some sulfate is 
weighed as alkali sulfate and calculated as if it were pure barium 
sulfate. Opposed to this is the adsorption of chloride, probably 
as barium chloride, which tends to make the analytical results too 
high. The latter effect manifests itself especially in the pre- 
cipitation of sulfuric acid by barium chloride and of barium 
chloride by sulfuric acid. Hulett and Duschak' found it possible 
to obtain exact results in such determinations by estimating the 
chlorine content of the precipitate and deducting the barium 
chloride equivalent from the weight of the crude barium sulfate. 

Although the adsorption of chloride ion by barium sulfate is 
appreciable, Mendelejeff? long ago showed it to be small compared 
to that of nitrate. This was confirmed in the author’s laboratory® 
in the course of an investigation of adsorption of various ions by 
barium sulfate formed on mixing sodium sulfate with a definite 
excess of the barium salts of the respective ions. The extent 
of the adsorption was determined by direct analysis of the washed 
precipitate. In Table XXXI the ions are arranged in the order 
of equivalent adsorption, beginning with the most strongly 
adsorbed ferrocyanide. The adsorption in mols and the solu- 
bility of the several barium salts is also included in the table. 
From a consideration of the absolute amount of the adsorption 
in each case, there is little to suggest Schulze’s law. For although 
a quadrivalent ion appears to be adsorbed most strongly, there 
are four univalent ions more strongly adsorbed than trivalent 
ferricyanide. Furthermore, contrary to what is implied in 
Schulze’s law, there is a wide variation in the amount of univalent 
ions adsorbed, nitrate being carried down 150 times more strongly 
than iodide. 

Considering the relationship between the solubility of the 
several barium salts and the adsorbability of the respective 
anions by barium sulfate, one can note a tendency for the anions 
of the less soluble salts to be more strongly adsorbed, in accord 


1Z. anorg. Chem., 40, 196 (1904); of. KaraoGuanow: Z. anal. Chem., 57, 
77 (1918). 

2 Pogg. Ann., 55, 214 (1842). 

8 WEISER and SHERRICK: J. Phys. Chem., 28, 205 (1919); cf. GHoss and 
Duar: Kolloid-Z., 35, 144 (1924). 
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TaBLE XX XI.—ApsorpTion or ANIONS BY BARIUM SULFATE 


Adsorption by 100 


mols BaSO, Solubility of barium 
Anion salts, millimols per 
Gram Gram | gram water at 25° 
equivalents | mols 
Merrogyanwe + esate oe ote vas 13,20 3.30 0.07 
IE rash POP eee oN Ante ance re ae 8.48 8.48 0.40 
TaN rink pg Om rR As OF etn adie 7.47 7.47 By, AN) 
RET ORAGE Pe sete, es ic wales ore 5.84 5.84 1,25 
PETMAN PATALR S22 fone te as < - 2.85 2.80 1.93 
HerricvAnIGed scorn de hed ae. 240 0.90 very soluble 
iGdeten seater eet 1.76 1.76 1.78 
i BE Wap coi fe CINE ie rg ae re ee ee 0.83 0.83 3.57 
Or Anidern pie ee SOs ies | 0.31 0.31 4.25 
Sulfocyanate................-.| 0.22 0.22 6.13 
GOL ed Ee eet aati ore  eae es 0.06 0.06 5.43 


with Paneth’s rule. There are, however, a number of exceptions, 
even to this qualitative statement. Thus nitrate and nitrite 
ions are adsorbed to approximately the same extent although 
the former is but one-eighth as soluble as the latter. 

Although chemically dissimilar ions of the same valence may 
show a wide variation in the degree of adsorption, thus indicating 
that adsorbability is a specific property of ions, the similarity 
in the adsorption of nitrate and nitrite ions which are more nearly 
related chemically suggests that the adsorption of ions by a given 
disperse phase is determined by two factors, the specific adsorb- 
ability of the ion, in which the solubility of the salt formed with 
the opposite ion of the crystal lattice may be an important factor, 
and the valence of the ion. By choosing a series of ions of much 
the same general character, thus minimizing the specific factor, 
it is possible to emphasize the effect of valence. For example, a 
comparison of the adsorption of various cyanides by barium 
sulfate discloses an unmistakable tendency for ions of higher 
valence to be adsorbed most strongly, irrespective of whether the 
adsorption is expressed in equivalents or mols. 

It should be pointed out that the data on adsorption of various 
ions by barium sulfate will be strictly comparable only in case 
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TasLp XX XII.—Errect or VALENCE ON THE ADSORPTION OF ANIONS 
BY BARIUM SULFATE 


Adsorption value, 
Anion Valence gram equivalents 
per 100 mols BaSO, 


RETrOCVanld Samar macro ck iene ek ean: 4 13.20 
‘Herricyanid Gasser ist lecs rae ete 3 2.70 
Sullocysndtenacnje uaa teeter il 0.22 
Onan a Coley nae Anne er nicls et Gad eee Toe 1 0.31 


the size of the particles of the adsorbent is the same in all experi- 
ments. It is probable that this is approximately true in the 
above experiments since the conditions of precipitation were 
maintained constant. Estrup! determined the adsorption of 
permanganate by barium sulfate of varying degrees of dispersion, 
obtained by precipitating the salt with equivalent solutions of 
barium chloride and potassium sulfate which varied in concen- 
tration between N/100 and N/1000. It was found that, irrespec- 
tive of whether the permanganate was added before or after the 
precipitation of the barium sulfate, the amount adsorbed reached 
a minimum and then increased again with increase in the dilution 
of the solution from which the barium sulfate separated. Since 
the size of particles increases continuously with decreasing con- 
centration of the interacting solutions, it is not at all clear what 
Estrup’s data mean. It is possible that his. experimental 
method was inaccurate and the observations should be repeated. 

The precipitation of barium sulfate in the presence of potas- 
slum permanganate is said by Grimm? to give well-defined mixed 
crystals of a red color which are not decolorized by being warmed 
with oxalate for 2 months. Balarew and Janakiewa‘ obtained a 
similarly colored product by allowing potassium sulfate in satu- 
rated potassium permanganate to diffuse through a porous cup 
into barium chloride solution saturated with potassium perman- 
ganate; but this product was completely decolorized by washing 
with oxalate and at the same time broke up into minute prisms, 

' Kolloid-Z., T, 299 (1910). 

2Z. Elektrochem., 30, 467 (1924). 

3 Z. anorg. Chem., 156, 301 (1926). 
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Since mixed crystal formation should not be prevented by a 
change in the velocity of crystallization, the obvious conclusion is 
that the red precipitate is not homogeneous but consists of minute 
prisms of barium sulfate colored by adsorbed permanganate. 

On account of the adsorption of both positive and negative 
ions by barium sulfate and the effect of acids and salts on its 
solubility, the precise determination of sulfate as the barium 
salt is best accomplished by choosing the conditions so that 
errors due to adsorption and to solubility compensate each other. ! 
A large percentage of the adsorbed impurity may be eliminated 
by treating the crude precipitate with a small amount of sulfuric 
acid in which the salt dissolves as H.Ba(SO,).? and then reprecipi- 
tating by pouring the sulfuric acid solution into cold water. 
Unfortunately, the precipitate obtained in this way is frequently 
so finely divided that quantitative filtration can be accomplished 
only after prolonged digestion. 


BARIUM SULFATE SOLS 


Von Weimarn obtained momentary sols of barium sulfate by 
mixing solutions of barium thiocyanate and manganese sulfate of 
approximately 0.0008 normality. In spite of the dilution, the 
particles agglomerate and settle out in a short time. Kato? 
diluted a 1 molar solution of sulfuric acid with twice its volume 
of alcohol and added it to an equivalent amount of a molar solu- 
tion of barium acetate diluted with five times its volume of 
alcohol. On evaporating the resulting gelatinous precipitate 
and milky sol to dryness under reduced pressure below 40°, 
a translucent casein-like residue was obtained which was readily 
and completely dispersed in water to a stable fluorescent sol. 
The sol is positively charged and shows the usual precipitation 
reaction towards anions. Cations of high valency stabilize the 
sol, barium chloride and nitrate precipitating it only in highly 
concentrated -solutions.— Recoura‘-prepared-a similar sol by 
mixing equivalent solutions of barium ethylate and sulfuric acid 
dissolved in pure glycerin and then diluting with water. 

1Cf, Jounston and Apams: J. Am. Chem. Soc., 33, 829 (1911). 

2 Meyer and Friepricu: Z. physik. Chem., 101, 498 (1922). 

3 Mem. Coll. Sct., Kyoto Imp. Univ., 2, 187 (1909-10). 

4 Compt. rend., 146, 1274 (1908). 
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The fact that the interacting substances were mixed in stoichio- 
metric proportions does not change matters, since it is known that 
barium ion is so strongly adsorbed that it is always present in 
barium sulfate precipitates, even when the latter are precipitated 
in the presence of a slight excess of soluble sulfate. This is 
further shown by some observations of Gyemant! on the effect 
of the concentration of barium ion on the electrokinetic potential, 
¢, at the interface barium-sulfate water. The ¢-potential was 
determined from electroendosmotic data by substituting in 
the formula :? 

_ 4rnM 

= DI«e 
where 7 is the viscosity at room temperature, M the volume of 
liquid transferred through the diaphragm in unit time, D the 
dielectric constant, J the current strength, and o the specific 
resistance of the iquid. The data are recorded in Table XX XIII 
and represented graphically in Fig. 18. The concentration of 
barium ion and also of sulfate ion is expressed by the notation 
commonly used for designating hydrogen ion values. pBa is 


TaBLE XXXIII 


M, 

pBa eubie centi- o, if e 

meters per ohms milliamperes millivolts 

minute 
0.3 12.0 12.9 60.0 +36.4 
1.0 62.0 63.0 46.0 +50.3 
2.0 145.0 437.6 14.0 +55.6 
3.0 92.0 3,196.0 4.0 +22.0 
3.5 33.0 9,416.0 iy + 4.8 
4.0 31.0 23 ,440.0 Lind, —- 153 
5.0 22.0 24,000 .0 td ayn bs) 
6.0 13.0 16, 782.0 WS Ff ae the 
oO) 0:0 7 0) Ae eee oes 0.0 
8.0 20.5 486.0 12.0 = ta 
9.0 12.7 78.5 43.2 — 8.8 
9.7 4.5 18.0 63.0 = 9.3 

I | 


1Z. physik. Chem., 108, 260 (1922). 
AiG 105 PALE 
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therefore the negative logarithm of the concentration of barium 
ion. Since the solubility product of karium sulfate is 10~"°, 
pBa + pSO, = 10. The concentration of barium ion in the 
solution was varied by adding barium chloride or sodium sul- 


. f : 
gate. At. pBa = 7, that is Tao Nas80., the cataphoretic 


migration velocity is zero. This therefore represents the point 


S in Millivolts 
8 


60 
Fie. 18.—Influence of the concentration of barium ion on the electrokinetic 
potential at the interface barium sulfate-water. 


of reversal of the ¢-potential. The curve runs nearly parallel to 
the abscissa axis to pBa = 4, then falls sharply to a minimum 
which lies at approximately pBa = 2. It is obvious, of course, 
that the curve does not represent the dependence of the ¢-poten- 
tial on the barium ion concentration only, since it is impossible to 
vary the barium ion concentration without, at the same time, 
changing the anion concentration and, in the case at hand, the 
nature of the anionalso. Thus, to the left of pBa = 5, the sulfate 
ion concentration increases and to the right the chloride ion con- 
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centration increases. The adsorption of the anions unquestion- 
ably modifies the course of the pBa-¢ curve. 

Since the charge on the barium sulfate particles becomes 
negative when the sulfate ion concentration of the surrounding 


liquid is above a it should be possible to prepare a stable 


negative sol in the presence of sulfate or other readily adsorbed 
anion. Such a sol is obtained by adding a slight excess of N/10 
potassium sulfate to N/10 barium chloride using as solvent 1 
part of water to 5 parts of glycerin.! A negative hydrosol is also 
obtained by double decomposition of barium salts and sulfates 
in the presence of sodium citrate. Such sols are almost clear and 
Spiller? believed them to be true solutions of a double salt of 
barium sulfate and citrate. Nichols and Thies* showed, how- 
ever, that the apparent solutions are merely negatively charged 
dispersions of barium sulfate in which the particles are in an 
extremely fine state of subdivision. Quantitative estimations 
involving the precipitation of barium sulfate can be made in the 
presence of citrates, provided slightly more than enough acid is 
added to convert the citrates into citric acid, thereby cutting 
down the concentration of citrate ion below the point necessary 
for peptization of barium sulfate. 

Feilmann‘ prepared a sol of barium sulfate by precipitation in a 
slightly alkaline solution of commercial casein. Since the reac- 
tion of the sol towards acid and alkalies is that of casein, it is 
obvious that the colloidal barium sulfate is surrounded by a 
protecting film of proteid. 

The sols of barium sulfate are faintly opalescent to distinctly 
milky in appearance, depending on the concentration and the 
size of particles. Bechhold and Hebler® investigated nephelo- 
metrically the connection between turbidity and the size of 
suspended particles of barium sulfate in various mixtures of 
ethyl aleohol and glycerin. Observations disclose that, for 
suspensions containing the same amount of barium sulfate but 
of varying degrees of dispersion, the turbidity increases from 2.54 


1 Weiser: J. Phys. Chem., 21, 318 (1917). 
2 J. Chem. Soc., 10, 110 (1858). 

3 J. Am. Chem. Soc., 48, 303 (1926). 

4 Chem. News, 98, 310 (1908). 

5 Kolloid-Z., 81, 70 (1922). 
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downwards. The maximum turbidity is reached with particles 
of about 800upz for white light, that is,in the region of the extreme 
red. Further reduction of particle size caused a marked 


2 
decrease in turbidity. Rayleigh’s law I = ie in which 


I is the intensity of the scattered light, n the number of particles 
per unit volume, v the volume of the particles, \ the wave length 
of the hight, and K a constant, holds only for the region of size 
below 800uu. If a standard sol of known turbidity is available, 
it is possible to estimate the size of amicrons and submicrons from 
the relation between turbidity and particle size. 

Owe! showed that the turbidity of barium sulfate sols, as 
measured by the nephelometer, was different for particles of the 
same size formed in glycerin-water and glycerin-alecohol mix- 
tures. The difference in reading is probably due to the variation 
in crystalline forms and in the refractive indices of the salt thrown 
down in the different media. The turbidity in such mixtures is a 
maximum with particles around 200uu in reflected light and 
around 1000uu in transmitted light. 

Svedberg and Nichols? investigated the size and distribution 
of size of particles by a centrifugal method for a barium sulfate sol 
prepared by the interaction of N/10 barium thiocyanate and 
N/10 ammonium sulfate in the presence of potassium citrate. 


COLLOIDAL SULFATES OF STRONTIUM AND LEAD 


Colloidal Strontium Sulfate.—Strontium sulfate, which is 
soluble in water to the extent of 1.48 grams per liter at 20°, can- 
not be precipitated in the colloidal state from aqueous solution. 
Since the solubility of the salt is much less in aqueous alcohol 
than in water, von Weimarn® obtained it in the gel form by 
precipitation from alcoholic solutions. 

Odén and Werner‘ studied the mechanism of the precipitation 
of strontium sulfate by measuring the conductivity of the solu- 

1 Kolloid-Z., 32, 73 (1923). 

2J. Am. Chem. Soc., 45, 2910 (1913); ef., also, NicHous and Lizse: 
Colloid Symposium Monograph, 3, 268 (1925). 

3 Kolloid-Z., 2, 76 (1907). 

4 Arkiv. Kemi, Mineral. Geol., 9, No. 32 (1926); Chem. Abstr., 21, 570 
(1927). 
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tions resulting from mixing measured amounts of strontium 
hydroxide and sulfuric acid. The conductivity of the solution 
supersaturated with respect to the precipitate was found to be 
constant at first for a considerable period of time, the length of 
which was determined by the concentration of the base and acid. 
After this interval, the conductivity decreased gradually during 
the process of actual precipitation until it reached a minimum 
value corresponding to complete precipitation. This process 
required several hours in concentrations of 0.02 to 0.06 normal 
but only a few minutes in more concentrated solutions. It was 
found that the rate of growth of single crystals (primary particles) 
in a supersaturated solution and in a non-aggregated state may 
be expressed by the equation V,; = K+ Oz: (C; — Cm) where 
V; is the velocity of crystallization; O, the total surface of the 
crystals at time t; C,; and C,, concentration of the solution at time 
t and at saturation, respectively; and K a constant. 

Colloidal Lead Sulfate.—Lead sulfate is much less soluble in 
water (0.041 gram per liter at 20°) than the strontium salt but 
it cannot be thrown down as a transparent gel like the more 
insoluble barium sulfate. Contrary to what one might expect, 
however, Buchner and Kalff! mixed equivalent amounts of soluble 
lead salt and alkali sulfate and obtained a lead sulfate sol similar 
to von Weimarn’s barium sulfate sol thrown down from 3 normal 
solutions. Lead sulfate sol formed in the absence of protective 
colloids flocculates in a short time; but Leuze*® prepared a stable 
sol by treating a mixed solution of lead acetate, sodium hydrox- 
ide, and sodium protalbinate, so-called, with a solution of sodium 
sulfate. On dialysis the brown sol which was first formed 
became gradually opalescent and milky. 

1 Rec. trav. chim., 39, 135 (1920). 

Cf. p. 6. 

’“Zur Kenntnis kolloidaler Metalle und ihrer Verbindungen,” Erlangen, 
21 (1904). 


CHAPTER XII 
GYPSUM—PLASTER OF PARIS 


Calcium sulfate exists in three chemical forms: the dihydrate, 
CaSO, -2H.0; the hemihydrate, CaSO,: 14H2O; and the anhy- 
drous salt. The dihydrate and the anhydrous salt occur in 
nature, the former as gypsum and the latter as anhydrite. The 
hemihydrate does not occur in nature but may be prepared by 
heating gypsum under suitable conditions. The manufactured 
compound known as plaster of paris or calcined gypsum possesses 
hydraulic properties and is largely employed in preparing wall 
plaster, for ornamental plaster work, for making plaster casts, 
and asacement. Dehydration of gypsum at elevated tempera- 
tures, under suitable conditions, yields an anhydrous product 
which likewise possesses hydraulic properties but, unlike plaster 
of paris, the rate of setting is usually quite slow. This anhydrous 
salt is a constituent of the hard plaster used for flooring and of 
most of the Grecian and mediaeval plaster cements. Keene’s 
cement and Estrich gypsum (flooring plaster) are examples of 
cements consisting essentially of anhydrous calcium sulfate. 


THE SYSTEM CALCIUM SULFATE—_WATER 


Gypsum is the stable form of calcium sulfate under ordinary 
conditions of temperature and in contact with moist air but 
the hemihydrate and anhydrite often exist as metastable forms 
under these conditions because of the slowness of the transforma- 
tion to gypsum. Van’t Hoff! found the inversion point for gyp- 
sum and plaster of paris to be 107° and 971 millimeters; and for 
gypsum and insoluble anhydrite to be 635° and 175 millimeters. 
The transformation to the anhydrous salt may be effected at as 
low a temperature as 30° in contact with a solution of sodium 
chloride. Complete dehydration results by heating for 24 hours 

1 Van’? Horr, ARMSTRONG, HINRICHSEN, WEIGERT, and Just: Z. physik. 


Chem., 45, 257 (1903). 
195 
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at 97° + 2° in a current of air in which the aqueous tension is 
23 millimeters. ! 

To prepare plaster of paris, the gypsum may be burned in 
ordinary air at a temperature only slightly in excess of 107° but 
in actual practice a higher temperature is employed, mainly 
because the dehydration velocity is too small just above the 
transition point. From a survey of the literature on the burning 
of gypsum? it appears that the American practice is to use a 
temperature of 175 to 200° because it is believed that complete 
dehydration takes place only above 200°,* whereas the Germans 
burn at about 130° to prevent the formation of anhydrous cal- 
cium sulfate above this temperature. The English apparently 
burn at 110 to 120°,® although admitting that the temperature 
may be raised to 200° before anhydrous calcium sulfate is formed. 
Bancroft has reconciled these discrepant statements by taking 
the time factor into account. Since gypsum loses water more 
rapidly at 200° than at 130°, the heating period must be shorter in 
the former case to burn to the same end point, provided the kilns 
are otherwise the same. This has been found to be the case in 
Bancroft’s laboratory® and has been substantiated by Hursch’s’ 
statement that ‘commercially, temperatures up to 200° or above 
are used but for short periods of time.” The best temperatures 
for commercial burning will vary with the cost of fuel, the size 
and nature of the plant, ete. The quality of the product will 
doubtless vary with the temperature of formation but the 
author is not aware of any data which bear on this question. 

Van’t Hoff* demonstrated further, that gypsum in the presence 
of water may be converted into anhydrous calcium sulfate which 
differs from natural anhydrite in being fairly soluble in water and 
in setting even more rapidly than plaster of paris. This so-called 
soluble anhydrite is produced when precipitated gypsum is 

1 BaLAREW: Z.anorg. Chem., 156, 258 (1926); cf. Linck and Juna: 
Ibid., 187, 407 (1924). 

*Keane: J. Phys. Chem., 20, 701 (1916). 

3 Eckeu: ‘Cements, Limes, and Plasters,” 31 (1905). 

4Rouxanp: Z, anorg. Chem., 31, 437 (1902); 35, 194; 36, 332 (1903). 

5 Descu: “The Chemistry and Testing of Cement,’ 48 (1911) 

®Kpane: J. Phys. Chem., 20, 701 (1916). 

7 Trans. Am, Ceram. Soc., 17, 549 (1905). 

5 Z. physik. Chem., 45, 257 (1903). 
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heated in vacuo over sulfuric acid between 60 and 90°; when 
gypsum regenerated from plaster of paris is heated at 100°; or 
from any form of gypsum or the hemihydrate heated at 180°. 
Davis! obtained the soluble anhydrite by heating ordinary gyp- 
sum at 107 to 108°.? In addition to the soluble and insoluble 
anhydrite, Rohland* believes that three anhydrous forms of 
calcium sulfate exist: a CaSO,, which forms between 130 and 
525° and which takes up water but does not set; 8 CaSO, which is 
formed at 525° and which takes up water and hardens; and y 
CaSO, which is formed above 600° and which does not hydrate or 
harden. There is, however, no satisfactory evidence for inversion 
points at 130 and 525° and it is not likely that any exist. Thus, 
Rohland’s 8 CaSO,, which he claims to get only between 525 and 
600°, is the flooring plaster or Estrich gypsum which Miiller* says 
is best formed at 800 to 900°. Similarly, Glasenapp® claims that 
gypsum burned up to 400° will harden; but that burned between 
400 and 800° will not hydrate or harden, while above 800° 
Estrich gypsum is formed. He recommends, therefore, 900° or 
higher as the best temperature for preparing the commercial 
product. Van’t Hoff and Just® calcined a sample of gypsum at 
200° for 10 hours and found 92 per cent of it to set in 23.5 hours 
while in a sample calcined at 300° for 10 hours, only 56 per cent 
had set in 21 hours. Again, 67 per cent of a sample of com- 
mercial flooring plaster had set in 13 days while only 39 per cent, 
of a similar sample calcined 10 hours at 400° had set in the same 
time. 

It thus appears that the non-setting variety of calcium sulfate, 
insoluble anhydrite, can be obtained at a temperature as low 
as 30° and it can also be formed under suitable conditions at any 
other temperature up to 1000°. Anhydrite which sets with water 
can likewise be obtained at any temperature between 60 and 

1 J. Soc. Chem. Ind., 26, 727 (1907). 

2JIn a private note J. A. Miller questions whether Davis obtained soluble 
anhydrite at as low a temperature as 107° in the absence of a dehydrating 
agent. 

: Z. anorg. Chem., 31, 437 (1902); 35, 194; 36, 332 (1903). 

4Cf. Hurscu: Trans. Am. Ceram. Soc., 17, 549 (1905). 

5Z. angew. Chem., 27, III, 308 (1914). 


6 Sitzb. Preuss. Akad. Wiss., 249 (1903); vaNn’r Horr, ARMSTRONG, 
HINRICHSEN, WEIGERT, and Just: Z. Physik. Chem., 45, 303 (1903). 
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1000° provided the heating is done in a suitable way. Since 
there is apparently no inversion point from the soluble to the 
insoluble form, and since it is possible to obtain all varieties from 
an anhydrous salt which sets more rapidly than plaster of paris 
to an anhydrous salt which does not take up water at all in a 
reasonable time, it is probable that there is but one modification 
of the anhydrous salt, the observed variation in properties being 
due to a.difference in the size and physical character of the 
particles. In support of this view Keanet showed that gypsum 
calcined at 600° behaved like dead-burned plaster when the 
particles were 0.05 millimeter in diameter but when the particle 
size was reduced to 0.005 millimeter in diameter by grinding, 
the product set quite rapidly to a hard resistant mass.2_ Even 
natural anhydrite will set if ground sufficiently fine. Thus Gill’ 
found that both finely ground anhydrite and rough lumps of 
dead-burned plaster of paris were bound firmly together by 
gypsum crystals after standing covered with water for 6 years. 
Microscopic examination of a plaster burned at 750° revealed a 
granular state which Budnikov‘ tacitly assumed to indicate a 
rearrangement in the molecular structure of the calcium sulfate. 
It is unfortunate that Budnikoy did not test the accuracy of this 
deduction by submitting the alleged isomeric forms to x-ray 
analysis. 

In this connection, attention should be called to a slow-setting 
variety of hemihydrate formed by the prolonged action on gyp- 
sum of boiling water> or of water at 130 to 150°. Davis® 
suggests that this slow-setting product may be another modifica- 
tion of hemihydrate which bears the same relation to the fast- 
setting variety that slow-setting anhydrite does to rapid-setting 
anhydrite. Since the conditions of preparing slow-setting 
hemihydrate favor the formation of relatively large dense par- 


1J. Phys. Chem., 20, 701 (1916); ¢f., also, WinTeRBotTom: Bull. S. 
Australian Dept. Chem., 7 (1917). 

2Cf., also, Hartner: Z. angew. Chem., 38,1, 175 (1920); Wuissmn- 
BERGER: Kollotid-Z., 32, 181 (1923). 

3 J. Am. Ceram. Soc., 1, 65 (1918). 

4Z. anorg. Chem., 159, 87 (1926). 

5 Davis: J. Soc, Chem. Ind., 26, 733 (1907). 

6 LeCHatetiprR: ‘Recherches expérimentales sur la constitution des 
mortieres hydrauliques,” Paris (1887). 
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ticles, it is probable that the variation in properties of the two 
hemihydrates, like that of the anhydrous salt, is attributable to a 
difference in the physical character of the particles. 

The stable form of gypsum under ordinary conditions is 
monoclinic but Davis! believes that it changes into the rhombic 
form before it is dehydrated by heating. In support of this view, 
it is demonstrated that water is not lost immediately on heating? 
but, instead, there is a period of induction which is probably 
caused by the transformation to the rhombic modification. 
Moreover, the optical properties of gypsum crystals are altered 
by heating. At the ordinary temperatures, the optic axes of the 
salt lie in the plane of symmetry of the crystal but on heating to 
a temperature above 91° and before dehydration begins, they 
revolve so as to take up a position at right angles to this plane. 
The formation of rhombic crystals actually has been observed by 
Lacroix’ on heating a plate of gypsum. Finally, it is pointed out 
that all the products of dehydration of gypsum are orthorombic 
in symmetry and that the dehydration of the hemihydrate, which 
is unattended by any change of system, manifests no period of 
induction. The transformation from monoclinic gypsum to the 
anhydrous salt is believed to be completely reversible, rhombic 
gypsum and hemihydrate being intermediate products. The 
process may be represented by the equations: 


CaSO, C 2H.O 7 CaSO, i 2H,O Fett CaSO, 16H.O + 114H,0 


monoclinic rhombic rhombic 
CaSO, -14H.O @ CaSO, + 4H:0 
rhombic rhombic 


THE SETTING OF PLASTER OF PARIS 


The setting of plaster of paris involves a definite chemical 
transformation from the hemihydrate to the dihydrate of calcium 
sulfate. Since the former is more than five times as soluble as 
the latter? at room temperature, the following mechanism of the 


1 J, Soc. Chem. Ind., 26, 727 (1907). 

2 Cf. SHENSTONE and Cunpatu: J. Chem. Soc., 53, 544 (1888). 

3 Compt. rend., 126, 360, 553 (1898). 

4Marianac: Arch. sci. phys. nat., 48, 120 (1873). While the ratio of the 
solubilities of plaster of paris and gypsum are large, the absolute solubilities 
are relatively small, 1.2 and 0.2 per cent, respectively, at 18°. 
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setting process was outlined by LeChatelier:! The hemihydrate 
first forms a saturated solution in water, then hydrates to the 
dihydrate giving a supersaturated solution of the latter from 
which is deposited a compact mass of interlacing needle-shaped 
erystals—the set plaster.2 The quantity of water sufficient 
to bring the hemihydrate back to the fully hydrated condition 


Increase —— 


— Decrease 


0 1 2 3 
Concentration of Ammonium Sulfate 
(Normality) 


Fria. 19.—Influence of ammonium sulfate on the rate of setting of plaster of 
paris and on the solubility of calcium sulfate. 


is very much less than is necessary to dissolve it; but complete 
crystallization is accomplished, nevertheless, in accord with the 
following mechanism: the hemihydrate readily forms a solution 
supersaturated with respect to the dihydrate from which the 
latter deposits, thereby releasing the water which dissolves 
another portion of the hemihydrate, the process continuing 
indefinitely until the transformation is complete. The impor- 
tance of using a limited quantity of water is accounted for on 


1“Recherches expérimentales sur la constitution des mortieres hydrau- 
liques,”” Paris (1887); cf., also, Van’r Horr et al: Z. physik. Chem., 45, 257 
(1903); RonLanp: Z. anorg. Chem., 31, 437 (1902); 35, 194; 36, 332 (1903); 
Joirpors and CHASSEVENT: Compt. rend., 177, 113 (1923). 

2(f., also, CHASSEVENT: Ann. chim., 6, 244 (1926), 
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the grounds that the crystallization must take place from a 
strongly supersaturated solution. If a large excess of water is 
employed, the hydration takes place quite readily but the crystals 
separating from the comparatively dilute solutions are an inco- 
herent mass of prisms. 

While this classical theory of the setting has long been con- 
sidered satisfactory, there are still a number of points which it 
does not explain adequately. Thus it is known that soluble 
salts may have a marked effect on the rate of setting of plaster,! 
some salts accelerating the time of set and others retarding it. 
To account for this behavior Rohland? assumes, in accord with 
LeChatelier’s theory, that any salt which increases the solubility 
of calcium sulfate will accelerate the setting, while substances 
which decrease the solubility will retard the setting. Neville’ 
points out that this explanation is unsatisfactory since the solu- 
bility of calcium sulfate is decreased by small amounts of prac- 
tically all soluble sulfates, yet these exert a marked accelerating 
effect upon the setting of plaster of paris. This is illustrated in 
Fig. 19, which shows the absence of any relationship between the 
effect of ammonium sulfate on the solubility of calcium sulfate 
and its effect on the rate of setting of plaster.4 Furthermore, the 
formation of a felt of needle crystals® is, in itself, insufficient 
to account for the properties of the set plaster. Thus a solution 
of gypsum may be precipitated by alcohol in such a way that a 
dense felt of crystal needles results but the dried mass is alto- 
gether unlike set plaster in physical properties.6 Glasenapp’s 
assumption that the hardness of set plaster results from the 
growing together of the crystals was disproven by Wolfgang 
Ostwald,? who showed that the clusters of crystals readily 
observed at thousandfold magnification, consist of relatively 
dense individual crystals which have not grown together and 

1Dirte: Compt. rend., 126, 694 (1898); WreucH: J. Am. Ceram. Soc., 6, 
1197 (1923). 

2Z. Elektrochem., 14, 421 (1908). 

3 J. Phys. Chem., 30, 1037 (1926). 

4 CHASSEVENT: Ann. chim., 6, 313 (1926). 

5 Moye: ‘Der Gyps,” Leipzig, 32 (1906); LnCuarriinr: Compt. rend., 
96, 717 (1883); GuasENnapP: Tonind. Ztg., 32, 1148, 1197, 1230 (1908). 

6 OstwaLp: “Lehrbuch Allgemeinen Chemie,” 2nd ed., 2, 769 (1911). 

7Cf. OstwaLp and Wotski: Kolloid-Z., 27, 79 (1920). 
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show no secondary ramifications. It appears, therefore, that 
the way in which the needle crystals are laid down is of funda- 
mental importance. 

More recent considerations indicate that colloidal processes 
are of importance in the setting of plaster of paris as they are in 
the setting of portland and aluminous cements. Thus Cavazzi? 
and Traube,* for independent reasons, suggest that the setting of 
plaster consists in the initial formation of a gel which gradually 
changes into needle-shaped crystals of gypsum. Cavazzi bases 
his suggestion on the observation that gypsum can be precipitated 
by alcohol under certain conditions, giving a gel in which small 
crystal needles are subsequently formed. 

It is of interest in this connection that calcium sulfate gel 
played an important role in biology until comparatively recently. 
Mud dredged from the ocean and preserved in alcohol was found 
to contain a gelatinous substance which was believed to exist in 
great masses in the depths of the ocean and to consist of undif- 
ferentiated protoplasm. Regarding it as an organism which 
represented the simplest form of life, Huxley, in 1868, named it 
Bathybius (Badis deep, Bis life). About 30 years ago Mobius 
showed that this Bathybius was nothing more or less than cal- 
cium sulfate gel precipitated by alcohol added to the muddy sea 
water. 

Traube observed the effect of salts on the time required for 
plaster of paris to attain a definite state of hardness. He found 
cations to be especially important in accelerating the set, the 
order of influence being the reverse of that in which they precipi- 
tate sols, thus indicating that colloidal phenomena are concerned 
in the setting process. Measurements of change of viscosity of 
dilute plaster of paris suspension with time?‘ indicate a similarity 
in the behavior of plaster of paris and gelatin, 

Since the hydration of plaster of paris is an exothermal 
reaction, 


CaSO, : 14H20 + 11¢H.O = CaSO, -2H.O + 3900 calories, 


‘See Weismr: “The Hydrous Oxides,” 382 (1926). 

> Gazz. chim. ital., 42, (2) 626 (1912); Kolloid-Z., 12, 196 (1913). 
3 Kolloid-Z., 25, 62 (1919). 

4Ostrwaup and Wotsxi: Kolloid-Z., 27, 78 (1920). 
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Neville! was able to follow the setting process thermometrically. 
The method was as follows: Forty grams of a high grade com- 
mercial plaster of paris were mixed with 30 to 120 cubic centi- 
meters of water or a solution, stirred for a definite length of time 
in a paper cup which was then placed in a calorimeter, and the 
rise in temperature noted at short intervals as the setting process 
took place. In Fig. 20 are given the reaction curves for a mix- 
ture of 40 grams of plaster with 30 cubic centimeters of water; 
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Fic. 20.—Time-temperature curves for the setting of plaster of paris. (Broken 
line represents the volume change for water-plaster of paris.) 


for a similar mixture accelerated by potassium sulfate and for 
one retarded by glycerin. 

When the plaster and water were thoroughly stirred for a short 
time in the above proportions, a thin paste or cream resulted 
which was readily poured into molds. There was a slight rise in 
temperature at this point—usually less than 1°—due to the heat 
of wetting or adsorption. After standing 6 minutes, the mixture 
would not pour. When 40 grams of plaster were mixed with 
30 cubic centimeters of normal potassium sulfate, the mixture 
became stiff in 14 minute. A 14-minute interval of stirring was 
therefore used in all experiments. The points marked S on the 

1 J, Phys. Chem., 30, 1037 (1926). 
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curves correspond to the initial set stage. At this point, the 
plaster was perfectly rigid and appeared dry. The broken curve 
represents the volume change with time corresponding to the 
time curve labelled ‘“ water.” 

These observations of Neville throw considerabe light on the 
mechanism of the setting process. Since the point S, correspond- 
ing to the initial set, is on the flat portion of the curve before the 
evolution of heat has begun, the hydration of plaster of paris to 
gypsum cannot have occurred to any appreciable extent. It 
follows, therefore, that the initial set is not due to chemical 
combination of the plaster with water but to adsorption of water 
with the formation of a gel. This conclusion is supported by the 
time-volume curve. The initial concentration is apparently due 
to adsorption of water and the subsequent expansion to the 
formation of gypsum crystals. The setting is thus a two-stage 
process. In the first stage, the forces of adsorption bring the 
plaster of paris and water into the sphere of chemical action in 
the form of a gel; and in the second stage, chemical forces effect 
a reaction between the two substances to form gypsum, crystals 
of which of necessity interlace and anastomose throughout 
the material giving a coherent mass. An approximate deter- 
mination of the heat evolved shows that practically all of the 
plaster has reacted at the time corresponding to the maximum 
temperature reached. 

Contrary to Neville’s view, Davis! attributes the initial 
contraction to the formation of instable rhombic gypsum and the 
subsequent expansion to the transformation to monoclinic crys- 
tals. While this may be a contributing factor in the volume 
changes accompanying the setting of plaster, it is apparently 
not the only factor and probably not the most important one. 
Thus it will be seen from Neville’s curves that the initial contrac- 
tion approaches the minimum value before there is any marked 
evolution of heat, indicating that there is a marked contraction 
without any gypsum being formed at all. One may get around 
this objection to Davis’ view by assuming that the heat evolved 
in the hydration of plaster of paris to monoclinic gypsum arises 
for the most part from the transformation of the rhombic to the 
monoclinic form of the dihydrate. This hypothesis appears 

1 J. Soc. Chem. Ind., 26, 727 (1907). 
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improbable, however, since Davis showed that heat must be 
applied continuously to effect dehydration following the initial 
period of induction which corresponds to the transformation from 
the monoclinic to the rhombic form. 

The effect of salts on the setting of plaster of paris is well 
illustrated by Neville’s observations of the time corresponding 
to the maximum rise in temperature when 40 grams of plaster of 
paris are stirred 15 seconds with 30 cubic centimeters of water 
or a solution. The values recorded in Table XX XIV are repro- 
ducible within 30 seconds. The data confirm Traube’s conclu- 
sion that the accelerating action of a salt is due to the cation 
modified to some extent by the anion. The order of the alkali 
metals in accelerating the settingis: K > NH, > Na> Li. This 
is the same as that observed in the coagulation of a negative sol 
such as arsenic trisulfide. The anions apparently limit the activ- 
ity of the cations to some extent. Considered as retarders, the 
order of the monovalent anions is the usual one: I > NO; > Br 


TABLE XX XIV.—EFFEcT OF SALTS ON THE SETTING OF PLASTER OF PaRIS 


Time corre- Time corre- 
sponding to sponding to 
Reagent maximum rise Reagent maximum rise 
in temperature, in temperature, 
minutes minutes 
Pure waterien. +s: 44.0 Nig NasS Ou eeceatiar 12.5 
INGA RKGIE ” pe eteren: oe 18.0 IN GNE) SOx, ans. 6.0 
A016 ee eee 19.0 NCUBO gar. 12.0 
PEN Oh esc esaneresid vs coe 12.0 MOMS OF 5 06 ono an 20.0 
Tai INR CA a Baetescrte 10.5 IN TANS Oro Seen 6:8 12750 
NCIC ete eae onatetats 6.0 ANE PME OV 6 < coma 25.0 
IMD EGER son enn ne 6.5 Saturated CaSO... . 44.5 
INES Sree troche: 8.5 Saturated H;BO3.. . 63.0 
INR OMO LE o etic eee 70 Saturated NaCl.... 180.0 
IN ASSO Win 5 hee Baio Tabs Saturated Na ,BiO;. 3 days 


> Cl. Contrary to what one might expect from colloid chemical 
considerations, the accelerating action of aluminum and magne- 
sium salts is less than that of the alkali salts. The exact role of 
the accelerating ions is not clear but apparently they serve both 
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to speed up the adsorption of water to form the gel and subse- 
quently to catalyze the chemical reaction between hemihydrate 
and water. This is but another way of saying that the mecha- 
nism of the accelerating action of some salts is not known. Such 
salts as borax and saturated sodium chloride retard the setting of 
plaster by preventing gel formation. In these cases, the setting 
process is one of solution, hydration, and crystallization only; 
and the set mass resulting from the slow process is composed of 
large crystals and is crumbly. 

The addition of small amounts of substances such as gelatin 
and glue retard the setting by interfering with the formation of 
crystals while larger amounts completely inhibit crystal formation 
and so prevent the setting.! It is said that the ancient Romans 
used blood to retard the setting of plaster of paris. Any pro- 
tective colloid which is strongly adsorbed by gypsum will tend 
to inhibit its crystallization and so delay or prevent the setting 
of the plaster. 

The utility of plaster of paris in the preparation of casts 
depends on its power of filling the mold by its expansion on setting 
and so taking a sharp impression of its surface. Although there 
is an expansion, the final volume of the crystallized gypsum is less 
than the sum of the original volumes of the materials by about 
7 per cent as can be calculated from the respective densities of the 
substances concerned.” The apparent density of a plaster cast 
is, however, less than that of the plaster and water constituting it 
since the mass is porous, being made up of groups of interlocking 
crystals with spaces between them. The manner in which the 
crystals are laid down is probably a more important factor in 
filling the mold than is the change from the rhombic to the 
monoclinic form which is assumed to be less dense.? 

The initial contraction and subsequent expansion of plaster 
was apparently well known in Persia for up to about 1880 this 
property was utilized as a means of executing criminals.4 The 
condemned individuals were placed in hollow stone columns and 


1Osrwatp and Worskt: Kolloid-Z., 27, 78 (1920); Trause: Kolloid-Z., 
25, 62 (1919). 

* Descn: ‘The Chemistry and Testing of Cement,” 105, 108 (1911). 

’ Kann: J. Phys. Chem., 20, 721 (1916). 

4 PRISwELL: J. Soc. Chem. Ind., 26, 737 (1907). 
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surrounded with wet plaster of paris. At first they suffered but 
little inconvenience, but after a time they showed signs of distress 
and screamed loudly; finally, paralysis and death supervened. 
This doubtless occurred as the expansion of the plaster com- 
pressed the thorax and abdomen. 
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CHAPTER XIII 


THE COLLOIDAL HALIDES OF SILVER, LEAD, AND 
MERCURY 


THE CoLuLoIpAL HALIDES oF SILVER 


The silver halides with the exception of silver fluoride are 
quite insoluble; hence, on mixing aqueous solutions of silver salts 
and alkali halides, they precipitate in flocculent masses composed 
of very minute crystals.1_ The physical character of the gels vary 
widely with the conditions of precipitation.?2, The presence of 
certain salts during precipitation has a marked effect on the 
physical character and properties of the halides. Thus Liippo- 
Cramer* found that a small amount of lead bromide or cadmium 
bromide gives a silver bromide which is more voluminous, whiter, 
and more stable to light than when the lead or cadmium salt is 
absent. Moreover, lead bromide is said to bleach a silver 
bromide darkened by light although colloidal silver alone is not 
brominated by this salt. Lead chloride and both mercuric and 
mercurous chloride have similar effects on the gel structure of 
silver chloride. Zinc, copper, iron, and uranium salts have no 
apparent effect on the halides. Liippo-Cramer’s qualitative 
observations should be confirmed and a quantitative study made 
of the role played by the salts in altering the physical character 
and properties of silver halide gels.‘ 

The curdy precipitate formed on mixing silver nitrate with 
alkali halide is white with the chloride, greenish white with the 
bromide, and pale yellow with the iodide. The solubilities in 
mols per liter are as follows: AgCl, 1.25 & 10~°; AgBr, 6.60 X 
10-7; and AglI, 9.7 * 10-°, the chloride being almost twenty 
times as soluble as the bromide and the bromide almost seventy 


1 Boum and Niciassen: Z. anorg. Chem., 132, 1 (1924). 

2 Lizspcana: Phot. Chronik., 16, 219 (1909). 

3 Kolloid-Z., 5, 103 (1909). 

4Cf, Weiser: J. Phys. Chem., 20, 640 (1916); 21, 314 (1917). 
211 


212 THE COLLOIDAL SALTS 


times as soluble as the iodide. Since the silver halides follow 
the usual rule that the most insoluble salt precipitates in the most 
finely divided form, the stability of the halide sols is in the order 
AgI > AgBr > AgCl. Lottermoser! ‘first called attention to 
the fact that sols are formed on mixing dilute solutions containing 
silver ions and halide ions provided one or the other is present 
in excess. If silver ions are in excess, the colloidal particles are 
positively charged and if iodide ions are in excess, the particles 
are negatively charged. Thus,’ if V/10 silver nitrate is allowed 
to drop from a burette into 500 cubic centimeters of N/500 silver 


Zone of Stable Positive Sol Zone of Stable Negative Sol 


~— Ag? in Solution I in Solution» 


Fig. 21.—Zones of stability of silver iodide sols (diagrammatic). 


nitrate solution stirred by a motor stirrer, the first drop gives a 
yellow-green, perfectly transparent sol which becomes gradually 
more and more opalescent with further additions of iodide until 
at approximately the equivalence point between iodide and silver, 
the opalescence increases rapidly, the solution becoming cloudy, 
whereupon an additional drop of the silver nitrate solution causes 
flocculation of the silver iodide. If the process is reversed and 
N/10 potassium iodide is allowed to drop slowly into N/250 
silver nitrate, the phenomenon is similar except that clouding 
takes place somewhat more rapidly. These facts may be repre- 
sented diagrammatically asin Fig. 21. On the right is the zone of 
1 J. prakt. Chem., [2] 72, 39 (1905). 


2LOTTERMOSER, SeIrERT, and Forstmann: Kolloid-Z., (Zsigmondy 
Festschrift), 36, 230 (1925). 
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stability of the negative sol formed by adding silver nitrate 
slowly to potassium iodide solution and on the left, the zone of 
stability of the negative sol formed by the reverse procedure. 
On either side of the perpendicular line which represents equiva- 
lent amounts of Ag’ and I’ ions, is a shaded portion, the zone of 
flocculation. This is wider on the left since the positive sol is 
less stable than the negative. Similar relationships obtain with 
the closely related silver cyanide and silver thiocyanate. 

Since the negative halide sols are readily coagulated by multi- 
valent cations and the positive sols by multivalent anions, the 
stability of sols is much less if the interacting solutions contain a 
multivalent ion opposite in charge to the stabilizing ion. Thusa 
negative sol can be formed by adding N/20 silver nitrate to N/20 
potassium iodide solution, whereas, if barium iodide or cadmium 
iodide is used instead of the potassium salt, the solutions 
must be at least as dilute as N/100 or sol formation does not 
occur. 

That the negatively charged halide sols are more stable than 
the positive sols is evidenced by the following observations on 
silver iodide: The positive sol is more cloudy and settles out 
more rapidly than the negative in the presence of a like excess of 
the stabilizing ions; the positive sol cannot be purified by dialysis 
without agglomeration, whereas the negative sol can be purified to 
a certain extent in this way; finally, a freshly precipitated gel of 
silver iodide is peptized in part by shaking with a dilute potas- 
sium iodide solution while silver nitrate does not peptize the 
precipitated gel. 

Sheppard and Lambert? studied the relative peptizing power of 
different electrolytes on potassium bromide formed in the pres- 
ence of a slight excess of silver ion. Potassium chloride was 
found to disperse the gel equally as well as potassium bromide but 
the peptizing power of potassium iodide was considerably less. 
Ammonium bromide and hydrobromic acid have the same pep- 
tizing power but fall far short of the chloride and bromide of 
potassium in this respect. Nitric acid, ammonium hydroxide, 
and potassium hydroxide have no _ peptizing action and 


1LorrerMosER: Kolloid-Z., 2, Supplement I, p. IV (1907). 
2 Colloid Symposium Monograph, 4, 281 (1926). 
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their presence cuts down the peptizing action of potassium 
bromide. 

The precipitation of silver halides in the absence of an excess of 
either positive or negative ions, is regarded by Lottermoser as 
due to coagulation of the particles into larger secondary aggre- 
gates which settle out. Jablezynski! objects to this mechanism 
of the precipitation on the ground that it does not explain the 
velocity of increase of turbidity in the presence of gelatin or other 
protective colloids which inhibit precipitation even in low con- 
centrations. The view held by Jablezynski is that the forma- 
tion of a precipitate and the process of grain growth, both in 
the presence and absence of gelatin, is entirely a process of 
recrystallization by solution of the smaller grains and growth of 
larger ones at their expense (Ostwald ripening) until the larger 
grains are thrown down. This contention of Jablezynski is 
contradicted by Sheppard and Lambert’s? observations of 
reversible flocculation and deflocculation of a part of the silver 
halides precipitated in the absence of gelatin, and by microscopic 
examination which reveals the presence of secondary aggregates 
consisting of loosely adhering primary particles. In the absence 
of protective colloids, it thus appears that aggregation is the 
important factor in causing precipitation, although some recrys- 
tallization does take place; while in the presence of protective 
colloids, the coagulation is largely inhibited at least until high 
concentrations of the reactants are used. The grain growth 
observed in the ripening of photographic emulsions is due 
primarily to a process of recrystallization from solution in which 
crystal aggregation plays but a minor role.* 

Jablezynski‘ studied the velocity of coagulation of silver halide 
sols, both in the presence and the absence of protective colloids, 
and found the process to take place in accord with Smoluchowski’s 
theory of rapid coagulation.’ This furnishes no evidence as to 
whether the precipitation is due primarily to aggregation of 
primary particles or to recrystallization, since both processes 

1 JABLCZYNSKI, ForDONSKI, FRANKOWSKI, ListEK1, and Kuerrn: Bull. 
soc. chim., 33, 1392 (1923). 

* Colloid Symposium Monograph, 4, 281 (1926). 

’ SHEPPARD: Colloid Symposium Monograph, 1, 346 (1923). 


4 Bull. soc. chim., 35, 1286 (1924). 
5 See p. 29, 
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follow at first the same law for the diminution of number of 
particles.! 

Silver halide sols prepared by Lottermoser’s method are not 
very stable at best. To stabilize them Lobry de Bruyn? used 
gelatin and Paal and Voss* the so-called lysalbinic acid or its 
sodium salt. Paal’s preparations were very stable, the addition 
to them of five volumes of saturated sodium chloride solution or 
an equal amount of 10 per cent sodium phosphate solution causing 
no precipitation. An excess of 10 per cent calcium chloride 
caused clouding but no precipitation, even on heating. Gutbier* 
prepared fairly stable silver halide sols by treating with the 
respective halogens, a silver sol prepared by reduction of silver 
nitrate with hydrazine hydrate in the presence of gum arabic. 
Von Weimarn® used caoutchoue as a protective colloid for prepar- 
ing silver halide sols in aromatic hydrocarbons. 


ADSORPTION BY SILVER HALIDES 


Since the positive and negative silver iodide sols owe their 
stability to preferential adsorption of silver and iodide ions, 
respectively, it follows that the greater stability of the negative 
sol is due to stronger adsorption of iodide ions than of silver ions 
by the silver iodide. This is borne out by some observations of 
Lottermoser and Rothe® on the adsorption by silver iodide of 
potassium iodide and silver nitrate, respectively, as shown in Fig. 
22. It will be seen that the maximum adsorption of the iodide 
by silver iodide is considerably greater than that of silver nitrate 
at the same concentration. The maximum in the adsorption 
isotherm of potassium iodide is due to a distinct change in the 
physical character of the silver iodide gel in the presence of the 
larger amounts of potassium salt.” 

It has been recognized for a long time that an insoluble salt 
shows a strong preferential adsorption for its own ions. Thus, 

1 SHepparp and Lampert: Colloid Symposium Monograph, 4, 281 (1926). 

2 Rec. trav. chim., 19, 251 (1900). 

3 Ber., 37, 3862 (1904). 

4 Kolloid-Z., 4, 308 (1909). 

5 J. Russ. Phys. Chem. Soc., 48, 1046 (1916). 

6 Z. physik. Chem., 62, 359 (1908). 

7 Compare with the behavior of cadmium sulfide in the presence of hydro- 
chloric acid (p. 91), 
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barium sulfate adsorbs both barium ion and sulfate ion strongly, 
the silver halides adsorb both silver and the halide ions strongly, 
and the hydrous oxides adsorb the heavy metal cations and 
hydroxyl ion strongly. This relatively strong adsorption of a 
common ion is probably due to the fact that it fits into the crystal 
lattice of the adsorbent. From this point of view, the adsorption 
force in such cases is identical with the cohesive force of the 


Adsorption, Millimols per Gram 


Concentration of Solution, Millimols per Cubic Centimeter 


Fig. 22.—Adsorption of potassium iodide and of silver nitrate by silver iodide. 


adsorbent so that the adsorption process may be considered to 
be comparable in certain respect to the growth of crystals in a 
saturated solution. In line with this, Paneth! and Horovitz? 
observed that radium is strongly adsorbed by barium sulfate and 
barium chromate, whereas it is not adsorbed at all by hydrous 
chromic oxide or silver chloride. Since radium sulfate and 
radium chromate are insoluble compounds and radium oxide and 
radium chloride are not, Paneth was led to conclude that 

1 Physik, Z., 15, 924 (1914). 

* Horovitz and Panetu: Z. phystk. Chem., 89, 513 (1915). 
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ions will be relatively strongly adsorbed whose compounds, with 
the oppositely charged ions of the ion lattice, are slightly soluble. 
This conclusion is known as Paneth’s adsorption rule. In 
accord with this rule, Fajans and Beckerath! found that thorium 
B (an isotope of lead) and lead ions were quite strongly adsorbed 
by silver halide sols stabilized by preferential adsorption of halide 
ions and it is known that the halides of thorium B and lead are not 
easily soluble. Moreover, the adsorption of thorium B is 
greater than that of lead and the halides of the former are less 
soluble than the latter. Fajans and Beckerath showed further 
that thorium B and lead are not adsorbed by a halide sol stabilized 
by preferential adsorption of silver ions. This is because the 
adsorption of the ions in question was not sufficiently great, at 
the concentration used, to displace the more strongly adsorbed 
silver ions. Fajans and Frankenburger? found that every 
fourth to tenth atom of silver in a silver bromide lattice has 
adsorbed a silver ion from a silver nitrate solution as dilute as 
1.5 X 10-° mols per liter. In spite of this strong adsorption, it is 
probable that the relative concentrations of lead and silver ions 
could be so arranged that some lead ions would be adsorbed 
in the presence of silver. 

Beekley and Taylor* have investigated the relation between 
the solubility of various silver salts and their adsorbability by 
silver iodide. The effect of valence was eliminated by choosing 
salts with univalent anions only. The results of their observa- 
tions are represented in Fig. 23. The number in parenthesis 
following the formula of the salt is the relative solubility, silver 
bromate, the most insoluble salt, being taken as unity. It will 
be seen that there is nothing approaching a quantitative relation- 
ship between solubility and adsorbabilty. The most that can 
be said is that the less soluble salts tend to be more strongly 
adsorbed and the most soluble salts less strongly adsorbed. 
Thus, among the more soluble ones, silver nitrate is adsorbed 
more strongly than silver chloride although the former is nine- 


1Z. physitk. Chem., 97, 478 (1921); cf., also. Hann, Ersacuer, and 
FEICHTINGER: Naturwissenschaften, 41, 1196 (1926); Ber., 59 B, 2014 
(1926). 

2Z. physik. Chem., 105, 255 (1923). 

3 J. Phys. Chem., 29, 942 (1925). 
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teen times as soluble as the latter; and among the less soluble 
ones, silver acetate is adsorbed much more strongly than silver 
bromate although the former is eight times as soluble as the latter. 
Moreover, the jump between the relatively soluble and the 
relatively insoluble salts is not marked. Thus, the difference 
in adsorption between bromate and acetate is no greater than 


0.008 


0.006 


0.004 


AgNOg (1860) 
AgCoH,S0, (1540) 


— AgCl0, (3240) 


Adsorption, Milliequivalents per Gram of AgI 


0 0.004 0.008 0.012° 0.016 0.020 
EquilibriumConcentration, Milliequivalents per Gram of Solution 


Fig. 23.—Adsorption of silver salts by silver iodide. (Number in parenthesis 
is relative solubility of silver salts.) 


the difference in adsorption between bromate and _ nitrate, 
although the ratio of solubilities of the first pair is 8.2 and of the 
second pair is 100. 

The order of adsorption of cations by silver iodide was found by 
Mukherjee and Kundu! to be Ag > Al > Ba, Ca > K. With 
the exception of the common Ag: ion, the ion with the highest 
valence is most strongly adsorbed. 


1 Quart. J. Indian Chem. Soc., 3, 335 (1926). 
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From these observations and others reported in an earlier 
chapter,‘ it is obvious that solubility is not the only factor which 
influences the degree of adsorption and may not be the most 
important factor in certain cases. As already noted,’ Fajans 
considers adsorption of ions by a crystal to take place through 
the agency of the residual valences of the ions on the surface of 
the lattice. Thus, if iodide ion is adsorbed by silver iodide, it 
becomes attached to the silver ion and so becomes an integral 
part of the silver iodide lattice. In so doing, the adsorbed ion 
loses its hydration shell,* the dehydration being accompanied by 
a marked energy change. From this point of view, it would follow 
that the greater the affinity of an ion for water, in other words 
the more highly hydrated it is, the less strongly it will be 
adsorbed.* It is possible that the order of adsorption of anions 
by silver iodide would be more nearly the reverse of the order of 
solubilities if the degree of hydration of the several ions were 
taken into account. It is probable, however, that there are 
specific factors other than solubility and degree of hydration 
which influence the amount of adsorption. While the attempts 
to evaluate the several factors which account for the specificity of 
adsorption are highly commendable, it must be clearly recognized 
that a great deal of work must be done before a quantitative 
formulation can be made of the several factors which enter into 
the adsorption process. 

The adsorption isotherm for cupric ions by silver bromide was 
determined by Luther,® who was investigating the mechanism of 
the photographic desensitizing action of copper salts. The 
copper salt was added to a suspension of the silver halide and the 
adsorption measured by a catalytic method based on the catalytic 
action of cupric ions on the reaction between persulfate and 
thiosulfate in the presence of iodide ions. The adsorptive power 
of the coagulated compound was less than that of the suspended 
salt, indicating that coagulation was accompanied by a growth in 
primary particles. The maximum adsorption of the coagulated 

7 P. 187. 

2 P2129; 

3 Fasans: Naturwissenschaften, 37, 1 (1921). 

4See p. 254 for a detailed discussion of this theory. 

5 Trans. Faraday Soc., 19, 394 (1923). 

6 Cf. p. 214. 
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salt was found to be approximately 1 mol of Cu’ to 400 mols 
of AgBr. 

The silver halides adsorb dyes both from true and colloidal 
solutions and also adsorb organic colloids such as casein, tannin, 
gums, and gelatin.! The adsorbing power for dyes is in the usual 
order Agl > AgBr > AgCl.? Sheppard’ found that 1 molecule 
of the photographic sensitizing dye orthochrome-7-bromide is 
adsorbed for about two ions of the lattice surface of AgBr at a 
pH value of 5.5. Frumkin and Obrutschewa‘ showed that silver 
iodide exhibits a maximum adsorption for caprylic alcohol at a 
silver ion concentration of a definite strength. This concentra- 
tion corresponds to a potential of 0.16 volt as measured with a 
silver electrode against a normal calomel electrode. 

Carey Lea® claimed that freshly precipitated silver iodide 
adsorbs iodine from an alcohol-water solution of the element; but 
Germann and Traxler® found that such is not the case. A 
thoroughly purified sample of the salt does not decolorize a dilute 
iodine solution. This results only when the sample is not 
washed so as to remove adsorbed silver nitrate which will react 
with iodine. 

The colloidal silver halides are of particular importance in 
photography. This subject will be treated in the next chapter. 


THe CoLuoripaAL Hauipes or Leap 


With the exception of the fluoride, the halides of lead are 
much more soluble than the corresponding halides of silver and 
so are less readily obtained in the colloidal state. The solu- 
bilities of the salts in grams per liter are: PbCle, 10.8; PbBr, 9.7; 
and PbI, 0.764. From the von Weimarn theory,’ one would not 
expect any of these salts to be thrown down in the colloidal state 
from aqueous solutions. Actually, the most soluble lead halide, 
the chloride, precipitates as a slimy mass which runs through a 
fine-pored filter paper, when a molar solution of sugar of lead is 


1 Rernpers: Z. physik. Chem., TT, 677 (1911). 
2 Liipro-Crammr: Kolloid-Z., 28, 90 (1921). 

3 Nature, 118, 913 (1926). 

4 Biochem. Z., 182, 220 (1927). 

5 Am. J. Sci., [3] 38, 492 (1887). 

6 J. Am. Chem. Soc., 44, 460 (1922). 

7 See p. 6. 
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mixed with a 2-molar solution of sodium chloride.!. The tend- 
ency to separate in the colloidal state is, of course, most marked 
with the least soluble iodide. Stable sols of lead iodide are 
formed in the presence of protective colloids which prevent the 
growth of particles by dissolution of the smaller ones and precipi- 
tation on the larger ones. By mixing 10 cubic centimeters each 
of 0.1 normal solutions of lead acetate and potassium iodide with 
80 cubic centimeters of 0.05 per cent gelatin, an orange-yellow 
sol with a beautiful silky luster results. The particles consist of 
hexagonal plates which exhibit a distinct double refraction when 
examined with crossed nicols. With 0.3 per cent gelatin, the 
sol forms more slowly and the particles are much finer but are 
still crystalline. After some weeks, the gradual growth of the 
particles results in precipitation of the sol. This sedimentation 
can be prevented almost entirely by using sodium protalbinate, 
so-called, as a protective colloid. Five cubic centimeters of a 
5 per cent solution of this protector is heated with 15 grams of a 
20 per cent solution of lead acetate. The resulting lead “salt” 
is dissolved in sodium hydroxide and treated with potassium 
iodide, giving a sol which is reddish brown in transmitted light 
and greenish yellow in reflected light. After purification by 
dialysis the sol may be evaporated to dryness without destroying 
the sol-forming property of the residue. 

Large beautifully formed crystals of lead iodide are obtained 
by allowing a potassium iodide solution to diffuse slowly into a 
silica gel containing lead acetate.‘ 


THE CoLLoIpAL HaLipEes oF MrERcuURY 


The precipitate formed on adding a solution of an alkali halide 
to a mercurous salt is a fine crystalline powder. Stable hydrosols 
of the salt have not been obtained except in the presence of 
protective colloids. On mixing 0.05 molar solutions of sodium 


1 VAN DER VELDE: Chem. Ztg., 17, 1908 (1893). 

2 Reinpers: Kolloid-Z., 21, 164 (1917); cf., also, Lacus: .J. phys. radium, 
3, 125 (1922). 

3Leuzn: “Zur Kenntnis kolloidaler Metalle and ihrer Verbindungen,”’ 
Erlangen, 32 (1904). 

4Houmes: J. Phys. Chem., 21, 718 (1917); J. Franklin Inst., 184, 758 
(1917). 
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chloride and slightly acidified mercurous nitrate, strongly double 
refracting needle-crystals of mercurous chloride 10y in length are 
formed. In the presence of 0.3 per cent gelatin, the growth of the 
crystals is inhibited to such an extent that a stable sol results 
which is milky bluish white in reflected light and exhibits distinct 
double refraction when examined with crossed nicols.! 

If a dilute solution of a mercurous salt is treated with a stan- 
nous salt, a sol is formed consisting of hydrous stannic oxide with 
adsorbed mercury. Such a sol is converted into a mercurous 
halide sol stabilized by stannic oxide by treating with the amount 
of halogen corresponding to the reaction 2Hg + X,— 2HgX or 
with the amount of mercuric salt corresponding to the reaction 
Hg + HgX, — 2HgX.? Very stable mercurous halide sols are 
prepared for therapeutic use by the interaction of a mercurous salt 
and alkali halide in the presence of albuminous bodies, followed by 
dialysis.* By careful evaporation of the sol or by coagulation 
with alcohol, a gel results which is peptized by water, alcohol, 
ether, or benzene. The gel thrown down by an acid is repeptized 
by thorough washing with water containing a little alkali. 

Mercurie chloride and bromide are too soluble to form hydrosols 
but an iodide sol should result in the presence of a protective 
colloid. Charitschkow* made colloidal mercuric chloride by the 
action of hydrogen chloride on a solution of mercuric naphthenate 
in benzene, toluene, or light petroleum. 

1RernveRsS: Kolloid-Z., 21, 165 (1917). 

2 LorrerMosER: J. prakt. Chem., [2] 57, 485 (1898). 

3’ GaLEROSKY: Pharm. Ztg., 230 (1904); Chemische Fabrik, Hayden: 
German Patent, 165282 (1903); Chem. Zentr., II, 1757 (1905). 


4 J. Russ. Phys. Chem. Soc., 62, 91 (1920); J. Chem. Soc., 122, [2] 827 
(1922). 


CHAPTER XIV 
THE SILVER HALIDES IN PHOTOGRAPHY 
PHOTOCHEMICAL DECOMPOSITION OF SILVER HALIDES 


The sensitiveness of silver chloride to light was probably dis- 
covered by Schulze in 1727. Scheele! likewise observed the 
phenomenon and was the first to show that chlorine is liberated 
in the process and that violet rays are more effective than red or 
green rays in producing darkening. The darkening is due to the 
liberation of finely divided metallic silver which colors the salt 
violet to brown to black. The decomposition with the accom- 
panying darkening is superficial, so that the loss in weight, due 
to vaporization of the halogen liberated with the silver, is slight 
when the halide is insolated in mass.2. By the aid of the micro- 
balance, Hartung’ showed that thin films of the halides are almost 
completely decomposed into silver and the halogen on prolonged 
exposure to sunlight. Thus it was found that more than 96 per 
cent of the bromine is expelled by insolating thin films of silver 
bromide in vacuum in the presence of a suitable halogen absorb- 
ent. Similarly, 95 per cent of the iodine is expelled from silver 
iodide and 91 per cent of the chlorine from silver chloride when 
the containing vessel is filled with air before evacuation, while 
in the presence of nitrogen the percentage chlorine expelled is 90 
per cent and in the presence of hydrogen 95 per cent. Hartung 
showed conclusively that the decomposition products are always 
silver and the halogen;‘ oxygen is not necessary for the action and 
there is no indication of the formation of a sub-halide in any case. 


1 Cf. Metuor: ‘‘Comprehensive Treatise on Inorganic and Theoretical 
Chemistry,” 3, 391 (1923). 

2Cf. Baker: J. Chem. Soc., 61, 728 (1892); Ricnarpson: Ibid., 59, 536 
(1891); Kocu and Scuraper: Z. Physik, 6, 127 (1921). 

2 J. Chem. Soc., 121, 688 (1922). 

4Cf., also, Kocu and Kreiss: Z, Physik, 32, 384 (1925); ExLers and 
Kocu: Ibid., 3, 169 (1920), 
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In this connection, attention should be called to the existence of an 
optimum concentration at which chlorine attacks silver most 
readily, the rate of chlorination decreasing rapidly as the con- 
centration of halogen in the surrounding air increases. This 
recalls the behavior of phosphorus which is not attacked by pure 
oxygen at room temperature, probably owing to the formation of 
a thin protective film of oxide.! 

The photographic sensitivity of the silver halides, that is, the 
sensitivity for latent image formation followed by development, 
is in the order: bromide > chloride > iodide. In general, the 
halide is more light sensitive when formed in the presence of 
excess silver ion in the sense that photochemical decomposition 
of the so-called silver body can be accomplished by light of longer 
wave length than must be used to decompose a neutral halide or 
one formed in the presence of excess alkali halide.2 The mecha- 
nism of the optical sensitization of silver halide by adsorbed silver 
ion has been given in an earlier chapter dealing with the photo- 
chemical decomposition of zine sulfide.* This latter salt is also 
sensitive to light of longer wave length when formed in the pres- 
ence of excess zinc ion than when formed in the presence of 
excess sulfide ion. 

Schwarz and his collaborators‘ claim that the silver halide 
precipitated with excess halide ion is decomposed by panchro- 
matic light more readily than that formed in the presence of excess 
silver ion. Since this observation apparently contradicts the 
experience of the photographer, Schwarz concludes that there 
must be a fundamental difference between what is known as 
photographie sensitivity and photo-chemical instability. Thus, 
the order of light sensitivity of the halides is AgBr > AgCl > 
AgI, whereas the order of instability determined by the degree of 
darkening caused by a given exposure to light is AgCl > AgBr > 
Agl. 


1 Cf, Weiser and Garrison: J. Phys. Chem., 25, 61, 349, 473 (1921). 

2 Fasans: Z, Hlektrochem., 28, 499 (1922); Fasans and FRANKENBURGER: 
Z. physik. Chem., 106, 255, 273 (1923); Fasans and Strummer: Jbid., 126, 
275, 307 (1927). 

3See p. 129. 

*Scuwarz and Srocx: Ber., 64, 2111 (1921); Z. anorg. Chem., 129, 41 
(1923). 
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While the observations of Schwarz may be accurate, one can- 
not be sure that he compared his silver and halide bodies under 
identical conditions. Thus he finds his halide body to be more 
sensitive to white light than the silver body but he does not tell 
us whether the size and physical character of the particles formed 
in the presence of excess silver nitrate are the same as the particles 
formed in the presence of excess alkali halide. Since the solvent 
action of the alkali halide tends to produce larger crystals, it is 
probable that the crystals of the halide body were larger than 
those of the silver body. If so, this might account for a part, at 
least, of the greater instability of the halide body, since it has 
been demonstrated conclusively that the larger particles of a 
given halide emulsion are the more light sensitive. Moreover, 
Schwarz determined the extent of decomposition in a given case 
from the amount of halogen evolved. Since silver nitrate will 
react with the halogens, the amount of halogen liberated by the 
action of light on the silver body may not be and probably is 
not a true measure of the magnitude of the primary light process. 

In a private letter to the author, Sheppard says: 


Only in the case of the photographic sensitivity, that is, the sensitivity 
for latent image formation followed by development, can we definitely 
say that the silver halides rank in the order: bromide > chloride > 
iodide. In the case of visible image formation, comparison has not 
been definitely made on the basis of equal state of dispersity and adsorp- 
tion, in which case we might find the iodide more sensitive than the 
bromide. Finally, if we come down to absolute photo-chemical sensi- 
tivity in terms of amount of energy necessary to give a definite amount 
of photo-product, then if we accept Eggert and Noddack’s results on 
the applicability of Einstein’s photo-chemical equivalence law to the 
silver halides, we must say that they have the same fundamental quan- 
tum sensitivity, unless we express the sensitivity in terms of limiting 
wave length or limiting quantum which can give silver atoms. Since 
the experimental determination of this limiting wave length is very diffi- 
cult and the results very questionable at present, I do not think we can 
speak very decisively on that point. Theoretically, if we regard the 
limiting quantum as determined by the heat of formation, we should 
expect the sensitivity in this sense to be in the order: AgI > AgBr > 
AgCl, these being in reverse orders of their heats of formation, and, 
again, the lattice energies, as a whole, are in the same order, although 
the differences of the lattice energies are less than for the heats of 
formation. 
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Just as in the ease of zine sulfide, a small amount of moisture is 
essential for the photo-chemical decomposition of the silver 
halides. 


SOLS OF SILVER IN SILVER HALIDES 


The Photo-halides.—The colored products formed by the 
action of light on the silver halides have been termed photo- 
halides by M. Carey Lea.! This investigator pointed out that 
the varicolored substances having a slight excess of silver over 
that required by the formula AgX could be prepared by incom- 
plete chemical reduction of the silver halides and subsequent 
extraction with silver solvents. Thus, silver chloride can be 
prepared in the following gradations of color: white, pale flesh, 
pale pink, rose, copper, red purple, dark chocolate, and black. 
Lea regarded the photo-halides as lakes or adsorption compounds 
of normal silver halide and silver sub-halide, the color depending 
on the method of formation. Lea claimed to have prepared also a 
“‘soluble”’ allotropic form of silver of various colors and suggested 
that the color of the photo-halides might be due to the “soluble” 
silver. Liippo-Cramer showed conclusively, however, that Lea’s 
“allotropic”’ silver was colloidal silver. By mixing sols of silver 
halides with silver sols, coagulating the mixture, and then extract- 
ing with nitric acid, red, blue, or violet, photo-halides were 
obtained identical in appearance with Lea’s preparations and 
containing a slight excess of silver above that necessary for the 
normal salt. That the photo-halides consist of silver dispersed 
in silver halide was further demonstrated by Lorenz and Eitel 
who exposed optically clear silver halides to light in the ultra- 
microscope. Under these conditions, the crystals, clear at first, 
began to darken and at the same time to show ultramicroscopic 
particles of silver which grew rapidly. The metallic clouds 
produced in erystals by light were found to be quite similar to 
those formed during the electrolysis of the fused salts.” 

Crystallized photo-halides were prepared by Reinders* by allow- 
ing the silver salt to crystallize from an ammoniacal solution 

1 Am. J. Sci., [3] 38, 349 (1887). 

* Lorenz and Erreu: Z. anorg. Chem., 91, 57; Lorenz and Hiren: Jbid., 
92, 27 (1915). 

§ Kolloid-Z., 9, 10 (1911), 
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containing colloidal silver. In the presence of gelatin, the latter 
was taken up by the crystallizing halide (but not by the colloidal 
silver) yielding a product which was more light sensitive than 
the pure salt. 

The Latent Image.—In photography with development, the 
exposures of the sensitive plate to light are insufficient to cause 
any microscopically visible change in the silver halide. Yet 
some change does take place since the application of suitable 
reducing agents causes the so-called “latent image”’ to develop. 
The nature of the latent image has been a subject of controversy 
for along time. Owing to the very slight change in silver halide 
on short exposure, it has been quite commonly assumed that the 
latent image is a physical or allotropic modification of silver 
halide. Namias! assumed polymerization; Hurter and Driffield? 
depolymerization; Bredig,? mechanical disintegration; Jones,‘ 
a labile form; and Bose,® mechanical strain. Bancroft® points 
out that all these assumptions, and the further one of von 
Tugolessow’ that the latent image is an oxidation product, are 
untenable since all the phenomena of the latent image can be 
duplicated by immersing the plate in a solution of a weak reduc- 
ing agent, such as sodium arsenite.’ It appears, therefore, that 
the latent image is some reduction product of silver bromide. 
It has been commonly assumed to be either a sub-halide® or a 
series of sub-halides of varying composition.'° These assumptions 
appear unfounded since no one has been able to prepare any 
sub-halide derived from the chloride, bromide, or iodide of silver 
and it is improbable that any exists.1! 

1 Chimie photographique, 102, 110 (1910). 

2 Phot. J., 22, 149 (1898). 

3 Eder’s Jahrbuch der Photographie., 18, 365 (1899). 

4“Science and Practice of Photography,” 1, 383 (1904). 

5 Phot. J., 26, 146 (1902). 

6 Trans. Faraday Soc., 19, 243 (1923). 

7 Phot. Correspondenz., 40, 594 (1903). 

8 Bancrort: J. Phys. Chem., 14, 294 (1910); Pmriny: Jbid., 14, 689 
(1910); Criarx: British J. Photography, 69, 462 (1922). 

9LurHER: Z. physik. Chem., 30, 680 (1899). 

10 TriveLLi: Chem. Weekblad, 7, 321, 350, 381, 404 (1910); 8, 101 (1911); 9, 
232, 248 (1912). 

1 Baur: Z. physik. Chem., 45, 613 (1903); RernpErs: [bid., 77, 213, 356, 
677 (1911). 
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A second assumption is, that the latent image consists of an 
infinitesimally small quantity of metallic silver which acts as a 
germ or nucleus! facilitating the reduction of the surrounding 
silver halide. This view has been criticized on the grounds that 
the latent image shows none of the reactions of metallic silver;? 
does not exhibit the potential of colloidal silver;? and does not 
account for the facts of development and solarization (image 
reversal). To get around these difficulties, the latent image was 
assumed to consist of a phase of variable composition with silver 
chloride the end term, that is, a solid solution probably of silver 
in silver halide.® It is much more probable that the latent image 
is an early stage of photo-halide formation and is, therefore, a 
colloidal solution of metallic silver dispersed in silver halide® 
and adsorbed thereby.? This view seems to account best for all 
the reactions of the latent image including the effect of oxidizing 
agents and the acceleration in reduction shown in developability. 
Thus, the latent image is destroyed so far as chemical develop- 
ment is concerned, by treating with chromic acid (2 per cent 
CrO; + 1 per cent H,SO,). On the other hand, if the plate is 
considerably over-exposed, and the silver halide subsequently 
removed by sodium thiosulfate, it is possible to develop an image 
by an acid silver developer such as silver nitrate plus ferrous 
sulfate and acetic acid. Liippo-Cramer® attributes this behavior 
to the formation of colloidal silver inside the grain by prolonged 
exposure. Under ordinary conditions, these exposed particles 
are proteeted by silver halide and so cannot initiate reduction 
with a developer after the surface latent image is removed by an 


1W. Osrwatp: “Lehrbuch allgemeinen Chemie,” 2nd ed., 2, 1078 (1893); 
Abegg. archiv. wiss. Phot., 1, 268 (1899); Lorenz: Z. Elektrochem., 7, 277 
(1900). 

* Lipro-Cramur: Phot. Correspondenz, 38, 145 (1901). 

’SnepparpD and Menus: Proc. Roy. Soc. (London) 76 A, 217 (1905); 78 A, 
461 (1907); Liipro-Crammr: Kolloid-Z., 2, 108, 135 (1908). 

4Bancrort: J. Phys. Chem., 17, 93 (19138). 

’Lippo-Cramer: Der latente Bild (1911); Rernpers: Z. physik. Chem., 
77, 213 (1911). 

6 Apnaa and Lorpnz: Loc. cit. 

7Bancorort: J. Phys. Chem., 17, 93 (1918); Trans. Faraday Soc., 19, 
243 (1923). 

8“ Photo. Probleme” (1907). 
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oxidizing agent. On the other hand, if the protecting silver 
halide is first removed, the nuclei are uncovered and can act as 
centers for the deposition of silver from a supersaturated solution. 
Liippo-Cramer prepared synthetic photo-halides that behave in 
the same way as the latent image. If the excess silver is not 
removed from the former by the use of too strong an oxidizing 
agent, they are readily developable; but treatment with chromic 
acid destroys this property. It thus appears that the latent 
image does show certain of the reactions of metallic silver. 
There is, of course, no reason why colloidal silver protected by 
silver halide should show the same electrical potential as silver 
in mass. 

One objection to considering the latent image as a photo- 
halide is that the latter is highly colored, whereas the former never 
is, under ordinary conditions. The difference is apparently 
merely a question of the amount and degree of dispersity of the 
colloidal silver. Thus if plates are exposed to the action of 
x-rays before exposure to ordinary light, the x-ray image develops 
as a pinkish coloration in contrast with the gray-green tone of 
the untreated halide.1 Liippo-Cramer? attributes this difference 
to the higher degree of dispersity of the silver in the grains 
exposed to x-rays. The effect of the latter is to produce a much 
larger number of nuclei per grain and hence a larger number of 
smaller particles with the resulting pink tone. This is in line 
with the observation that the color of silver hydrosols passes 
from yellow through brown, red, purple, and blue to gray with 
increasing particle size. 

Further reference to the nature of the latent image will be 
made in the section on Photographie Sensitivity. 


PHOTOGRAPHIC EMULSIONS 


The photographic emulsions, so-called, are suspensions of the 
light-sensitive silver halides in a colloidal medium such as 
collodion or gelatin. Layers of silver bromide prepared by 
sedimentation of the sols have been used for photographic investi- 


1 Limppo-Cramer: ‘Die Rontgenographie,”’ 29, (1909). 
2 Phot. Correspondenz, 47, 337, 527 (1910). 
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gations! and for plates sensitive to the ultraviolet; but for most 
purposes, the sols formed in the presence of gelatin are employed. 
Since the properties of silver halide sols vary considerably depend- 
ing on whether they are formed in the presence of a slight excess of 
soluble silver salt or in the presence of a slight excess of alkali 
halide, it has been found practicable to distinguish two classes of 
silver halide emulsions. 

Technical emulsions formed in the presence of excess soluble 
silver salt, usually silver nitrate, include ‘‘ wet collodion”’ which 
is used extensively in photo-mechanical work and collodion emul- 
sions for printing out. Silver ions adsorbed on the halide 
ions of the silver halide lattice sensitize the primary photo- 
chemical decomposition of the salt, as already noted. The 
silver nitrate may also act as a chemical sensitizer by reacting 
with bromine liberated by the primary light process. 

The group of emulsions formed in the presence of excess alkali 
halide comprise both positive and negative emulsions for develop- 
ment. The excess soluble halide influences the physical char- 
acter of the precipitated salt chiefly by acting as a solvent in the 
“ripening” process which will be considered in a later paragraph. 
In the preparation of most negative emulsions, soluble iodide up 
to 5 per cent of the silver halide is added to the alkali bromide so 
that the resulting silver bromide contains a small amount of 
silver iodide. Emulsions used for photographic papers may 
consist of nearly pure silver bromide, of mixtures of silver bromide 
and chloride, or, in some cases, of pure silver chloride. 

The precipitation of the silver halide must be carried out under 
carefully controlled conditions in order to prevent flocculation of 
the particles and to ensure uniform dispersion throughout the 
gelatin. The action of gelatin as a protective colloid tends to 
give a fine-grained uniform precipitate which consists in all 
cases of crystalline particles. In commercial positive emulsions, 
the particles seldom exceed 0.34 in diameter and, in negative 
emulsions, 3 to 4u. Actually, there is usually a wide variation 
in grain size. Sheppard and his coworkers* have determined the 

1 HerscHeii: Cf. Hunt, “Researches on Light,’ London, 66 (1859); 
Scuaum: Eder’s Jahrber. Phot., 74 (1904); Wutsz: Z. physik. Chem., 64, 
322 (1906). 

> ScuuMANn: Sitzb. Akad.Wiss. Wien, Abt. IIa, 102, 994 (1893). 

* WIGHTMAN, SHEPPARD, and TRIVELLI: J. Phys. Chem., 27, 1, 141 (1923). 
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proportion of grains of different size in given emulsions and have 
thereby established the grain-size frequency, that is, the relative 
proportion of grains of different sizes in, say, 1000 grains. The 
statistical curves of most emulsions can be expressed by prob- 
ability formulas of the exponential or (modified) Gaussian type. 
The distribution is of particular importance because of the 
relation between grain size and sensitivity in a given emulsion. 


PHOTOGRAPHIC SENSITIVITY 


Mention has been made of the observations of Fajans‘on the 
optical sensitizing of silver halides by adsorbed silver ion. The 
observed effects involve the shifting of the quantum limit, ho, 
capable of reducing a silver ion to metallic silver. Photographic 
sensitivity or developable sensitivity (latent image) of silver 
halide grains is a different effect which will be given special 
consideration. 

Sheppard! defines the sensitivity of a photographic emulsion 
by the exposure in candle-meter-seconds (product of intensity of 
light times time of exposure) necessary to give a certain normal 
negative with chemical development behind a sensitometer table. 
Practically, silver bromide emulsions may be prepared which 
range from the Lippmann type (speed 1) to the high-speed type 
(speed 150,000). A number of conditions are operative in deter- 
mining the sensitivity: 

Ripening.—The speed of an emulsion of the Lippmann type 
may be increased by ripening in the sense of digestion of the 
emulsion at temperatures up to 80° in the presence of silver 
bromide solvents such as ammonia or soluble bromide. Since 
the ripening process consists chiefly in the dissolution and repre- 
cipitation of silver bromide? with the consequent coarsening of 
grain, it has been generally assumed that a coarse grain is more 
sensitive than a fine one. This is only partly true since grains 
of the same size may differ in sensitivity when present in different 
emulsions. Thus, mere ripening of an emulsion of the Lippmann 
type might increase the speed five hundredfold or more, but it 

1 Colloid Symposium Monograph, 1, 346 (1923). 

2SHEPPARD: Colloid Symposium Monograph, 1, 346 (1923); SHmpparp 
and Lampert: Ibid., 4, 281 (1926); ¢f., however, Renwick; Phot. J., 48, 
324 (1924). 
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will not give an emulsion of the high-speed type. The latter are, 
in general, prepared with relatively high concentrations of the 
reacting silver salt and alkali bromide, low gelatin concentration, 
high temperature of mixing, and retarded addition, so that the 
dispersity of grain is determined at mixing and is altered but little 
by ripening.!. The extended investigations of Sheppard and his 
collaborators on the grain-size distribution in a large number of 
different emulsions disclose that while coarseness of grain is a 
necessary condition of high speed it is not a sufficient condition.’ 
In general, the sensitivity increases statistically with the size of 
grain in one and the same emulsion, but with different emulsions 
there is no necessary relation between average grain size and 
sensitivity. The absence of a definite correlation between grain 
size and sensitivity suggests that some other factor is operating. 

The ‘Sensitivity Substance.”—It is a well-known fact that a 
much faster plate is obtainable with gelatin than with dry 
collodion. The formal way to account for this is to assume that 
gelatin is a better sensitizer than collodion since gelatin will react 
with bromine more readily than collodion does and hence is a 
better depolarizer. This cannot be the whole explanation since 
different gelatins show marked differences in their sensitizing 
action. For the same reason, it is not permissible to attribute 
the superiority of gelatin over collodion to the possibility of 
producing larger individual crystals of silver bromide in the 
former medium than in the latter. 

Almost a score of years ago Liippo-Cramer* showed that the 
sensitivity of ripened photographic plates was diminished 
appreciably by treatment with chromic acid before exposure, 
followed by thorough washing. Liippo-Cramer accounted for 
this behavior by postulating the existence of “‘ Reifungskeime”’ or 
sensitive nuclei of highly dispersed colloidal silver. Sheppard® 
and his collaborators showed that practically every kind of 
photographic emulsion could be desensitized in this way and 

''TriveLLi and Suepparp: “The Silver Bromide Grain of Photographic 
Emulsions,”” Van Nostrand, 104 (1921). 

* Suepparp: Colloid Symposium Monograph, 1, 346 (1923). 

8 Phot. Mitteilwng, 328 (1909). 

‘Cf., also, Renwick: J. Soc. Chem. Ind., 39, 156 T (1920). 


* SHEPPARD, WIGHTMAN, and TRIVELLI; J. Franklin Inst., 196, 779, 802 
(1923). 
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pointed out the relation between this phenomenon and the 
destruction of the latent image by chromic acid and other 
oxidizing agents. It was shown further in the Hastman Kodak 
Company’s laboratories, that the smaller grains were reduced 
relatively more in sensitivity than the larger ones by the chromic 
acid treatment.! It was evident, therefore, that the silver 
halide grain contains a sensitivity substance other than silver 
bromide which increases photographic sensitivity and is destroyed 
by chromic acid. 

A fundamental advance which made possible the isolation and 
identification of the sensitivity substance was made at the Hast- 
man Kodak Company by R. F. Punnett. He succeeded in 
obtaining from a gelatin which yielded highly sensitive emulsions 
an extract which could be added to emulsions of low sensitivity 
and thereby increase both their speed and density-giving power. 
A systematic search for this sensitizing material was made by 
Sheppard? who found it to consist for the most part of certain 
organic sulfur-containing substances, such as mustard oil and 
bodies derived therefrom. The action of these may be illus- 
trated by taking allyl mustard oilasan example. This compound 
reacts with ammonia as follows: 


NHC3H; 
C3H;CNS + NH; = C=S 
\NH: 
the thiocarbamide formed reacting with silver halide in excess 
to give a relatively insoluble silver salt 


NHC.H, NHC.H, 
C=s + AgBr = Br—C—S—Ag 
\NH, \NH, 


These compounds do not appear to be the actual sensitizers, for 
on treating with slightly alkaline solutions, silver sulfide is formed 
in some such way as the following: 


NHC;H; ON 
Br—C—S—Ag + AgBr = Ag.S + 2HBr + C 
\NH \NHGHs 


1Cf., also, Chark: Phot. J., 63, 230 (1923). 
2 Colloid Symposium Monograph, 3, 76 (1925). 
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Since definite sensitization is obtained only after treatment of the 
emulsion at sufficiently high pH value to produce Ag,S, it is 
probable that this compound is the effective sensitizer. 

The existence in gelatin of varying amounts of sulfur bodies 
which yield the sensitizer, silver sulfide, accounts for the facts 
that gelatin emulsions are more sensitive than collodion emulsions 
and that gelatin emulsions made with different samples of gelatin 
but otherwise similar, may exhibit marked differences 1n sensitiv- 
ity. The action of chromic acid in cutting down the sensitivity 
substance is due sometimes, perhaps, to destruction of the 
mustard oil impurity, but more generally to distortion of silver 
sulfide nuclei. 

Mechanism of the Sensitization.—Trivelli and Sheppard! first 
showed that the photochemical decomposition of the octahedral 
surfaces of silver bromide crystals does not take place simul- 
taneously over the entire surface of the crystal but starts in 
isolated points. Similarly, Hodgson? found that if the de- 
velopment of exposed single grains was carried out with a 
dilute developer and interrupted at an early stage before the 
grain was completely reduced, the development was observed to 
commence at one or more isolated points on the grain. Svedberg® 
and Toy* showed these sensitivity centers to be statistically 
distributed among the grains in a purely haphazard manner. 
Further, it appeared to be sufficient for a grain to have one such 
development center in order to be completely developable while 
the chance of a grain having one such center at a given exposure 
to light increased with the size of the grains in one and the same 
emulsion. As already noted, Sheppard, Wightman, and Trivelli® 
showed that treatment of an emulsion with chromic acid prior 
to exposure desensitizes the smaller grains to a greater extent 
than the larger ones. The sensitivity spots therefore must exist 
prior to exposure and are not produced either by exposure® or by 

1“The Silver Bromide Grain of Photographic Emulsions,” 83 (1921); 
Phot. J., 63, 334 (1923); cf., also, Lornpnz and Erren: Z. anorg. Chem., 91, 
57 (1915). 

2J. Franklin Inst., 184, 705 (1917). 

3 Phot. J., 62, 180, 310 (1922). 


*Phil. Mag., |6] 44, 352 (1922); Trans. Faraday Soc., 19, 290 (1923). 
5 J. Franklin Inst., 195, 674 (1923). 
°Cf., however, SILBERSTHIN: Phil. Mag., [6] 44, 257, 956 (1922). 
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development. It now appears that these nuclei are silver sulfide 
particles which exist at certain points in the crystal lattice of the 
bromide, causing a localized concentration of the photo-chemical 
effect whereby the same light energy which would have produced 
silver atoms dispersed about the silver halide crystal, produces 
the same number immediately contiguous to the silver sulfide, 
thereby affording a nucleus for development for a correspond- 
ingly smaller exposure. 

The latent image therefore consists essentially of colloidal silver 
on nuclei of silver sulfide. Desensitizing by chromic acid is due 
primarily to the destruction of these silver sulfide nuclei which 
are active in initiating the localized decomposition. Any residual 
sensitivity after the chromic acid treatment is probably due to 
nuclei which are protected by the silver halide. This theory does 
not exclude the action of colloidal silver in promoting sensitivity 
but Sheppard! believes that this effect is of secondary importance. 

Action of Silver Iodide.—It has been pointed out that silver 
iodide up to 5 per cent is usually present in silver bromide 
emulsions. More than 5 per cent is detrimental since it reduces 
the developability. Now the crystal structure of silver bromide 
is simple cubic of open type, while that of silver iodide is tetra- 
hedral of a much more compact form; x-ray analysis” shows that 
the presence of silver iodide in the silver bromide lattice enlarges 
the lattice and consequently induces changes in the interatomic 
forces. This produces a condition of strain which renders the 
mixture more light sensitive than the simple bromide lattice. 
The effect is, perhaps, still further enhanced by the presence of 
the foreign colloidal particles of silver sulfide within the lattice. 

An examination of certain high-speed iodo-bromide emulsions 
by Renwick and his collaborators’ disclosed the presence’ of more 
iodide in the larger grains than in the smaller ones. It has been 
inferred from this that the apparent relation of size of grain to 
sensitivity in the same emulsion may be due entirely to the 
greater proportion of iodide in the larger grains. Sheppard and 
Trivelli* disproved this assumption by showing that the larger 

1 Colloid Symposium Monograph, 3, 97 (1925). 

2Wisey: J. Franklin Inst., 200, 739 (1925). 

?Renwick and SEeAsH: Colloid Symposium Monograph, 2, 37 (1925); 


Phot. J., 64, 360 (1924). 
4 J. Franklin Inst., 208, 829 (1927). 
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grains of a silver bromide emulsion free from iodide are markedly 
more sensitive on the average than the smaller grains. 


DEVELOPMENT 


The development of the exposed photographic plate consists 
essentially in the conversion of silver ions to metallic silver. 
Technically, two types of development are distinguished: (1) 
“physical”? development, so-called, in which the silver which 
builds up the developed image on the colloidal silver nuclei of the 
latent image, is obtained from soluble silver salt in the developing 
solution. Owing to the high concentration of silver ions, the 
reduction potential is low and reducers are employed in acid 
solution. (2) ‘‘chemical’’ development in which silver is formed 
by reduction of the solid silver halide grains themselves, the 
reduction being catalyzed by the silver nuclei of the latent image. 
In this case, higher reduction potentials are employed, the solu- 
tions being alkaline. 

The theory of the development of the latent image commonly 
held is that the developer is a reducing agent sufficiently powerful 
to reduce exposed silver bromide which has a nucleus in each 
grain on which the deposition of silver can take place, but not 
powerful enough to reduce unexposed silver bromide.! Bancroft? 
points out that this theory is in itself inadequate since measure- 
ments of the electromotive force of developers and of silver 
bromide before and after exposure fail to substantiate the theory. 
Recently Bancroft* has formulated the problem and has restated 
his theory of photographic development in the following way: 


1. A photographic developer must be a fairly strong reducing agent, 
and yet it is apparently impossible to produce a satisfactory negative 
with stannous chloride,‘ m-aminophenol, formaldehyde, or gallic acid.5 

2. There is no appreciable difference between the electromotive forces 
of unexposed silver bromide and of that which has received a short 
exposure. 


1Cf., for example, Mnrz: Phot. J., 60, 281 (1920). 

2 J. Phys. Chem., 17, 93 (1913). 

3 Trans. Faraday Soc., 19, 2438 (1923). 

‘Sryrwerz: “Le developpement de limage latente en photographie,” 
18, 31 (1899). 

5 per: Phot. Correspondenz, 36, 380 (1899). 
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3. All developers develop gelatin-free silver bromide readily, even 
though the silver bromide has not been exposed to light. 

4. Most developers give negatives after very short exposures and 
positives after very long ones. 

5. Some developers give positives with very short exposures. 

6. With any one developer, the exposure necessary to cause a change 
from negative to positive varies with varying concentration of the 
developer. 

7. Very dilute developers act like light and decompose silver bromide 
without developing it. 

8. Some developers work rapidly and others slowly; the difference is 
not always one of reducing power as measured by electromotive force, 
though this is unquestionably a factor. 

9. Bromide is very effective with some developers and less so with 
others. 

The fact that we get a negative with one developer and a positive with 
another for the same exposure shows that the potentials of exposed and 
unexposed silver bromide are not the sole factors. If they were, we 
should always get a negative with one exposure and always a positive 
with another. The developers must therefore have other functions than 
those of reducing agents of varying strengths. The simplest assump- 
tions seem to be that we have selective adsorption and thereby markedly 
varying concentrations at the surfaces of the silver bromide grains. If 
the reducing agent is adsorbed much more strongly by exposed silver 
bromide then by unexposed silver bromide, the former will develop more 
rapidly than the latter and we shall get a negative. If the reducing 
agent is adsorbed more strongly by the unexposed silver bromide than 
by the exposed silver bromide, we shall get a positive. If there is not 
much difference in the adsorptions, we shall have exposed and unexposed 
silver bromide developing at so nearly the same rate that we get a more 
or less uniform fogging. By the adsorption theory we are thus able to 
predict the possible existence of the three types of fairly strong reducing 
agents that we actually encounter; but that does not necessarily mean 
that the developers really behave in this way. Until some independent 
proof is furnished, the theory remains an assumption ad hoc. 


Sheppard! is likewise of the opinion that adsorption of the 
reducer to the silver halide grain is the first phase of development. 
He suggests that the free silver ions of the crystal lattice hold 
ions of the reducer by electro-affinity, the adsorption complex 
thus formed breaking down in the presence of the nuclei of 


1 SHEPPARD and Meyer: J. Am. Chem. Soc., 42, 690 (1920). 
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colloidal silver. Selective adsorption doubtless plays an impor- 
tant role also in the effects of certain dye stuffs, some of which 
accelerate development and others of which desensitize the 
halides to such an extent that development can be carried out 
in strong yellow or even white light.1 

Bancroft believes that the selective adsorption which he postu- 
lates involves more or less peptization and that there exists a 
transition from weakly peptizing, strongly reducing to strongly 
peptizing, weakly reducing developers, the furthest examples of 
the latter giving direct solarized or reversed images. In support 
of his view, Bancroft succeeded in destroying the developability 
of an exposed plate by washing with elon (metol) containing no 
alkali, so as to exclude reduction. Sheppard? questions whether 
this is truly a case of peptization of the latent image and suggests 
that it may be due to slight etching of the surface layers of the 
silver halide by the reducers which form soluble complexes with 
silver halides. In the same connection, Sheppard points out 
that the production of direct positives by development is associ- 
ated with the formation of “dichroic fogs,” colored forms of 
colloidal silver produced when a solvent for silver halide is present 
in the developing solution. 

In conclusion, it may be mentioned that the essential difference 
between the older theories of development and the adsorption 
theory, as outlined by Bancroft, is that the former treats the 
problem as one primarily of equilibrium relations whereas the 
latter regards it as essentially a question of reaction velocities. 
From either point of view, the influence of diffusion and the effect 
of the developer on the gelatin must be taken into account. 

1 Lippo-Cramer: Negativentwickelung bei hellem Lichte (Safranin- 
verfahren). Ed. Liesegang’s Verlag M. Eger, Leipzig (1921). 

* Bogue’s “Theory and Application of Colloidal Behavior,’’ 2, 776 (1924). 
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CIED MEADE, SOW 
THE COLLOIDAL FERROCYANIDES 
GENERAL PROPERTIES 


The interaction of dilute solutions of metallic salts and alkali 
or alkaline earth ferrocyanides yields gelatinous precipitates of 
the metallic ferrocyanides. If the solutions are concentrated, 
the mass sets to a stiff jelly in every case. The gels adsorb 
ferrocyanide ions strongly, even in the presence of an excess of 
the metallic ion; hence, the precipitated salt 1s contaminated 
more or less by the alkali or alkaline earth ferrocyanide used in 
its formation. Thus, with potassium ferrocyanide and copper 
chloride, the formula of the precipitate is represented by Duclaux! 


as Cu,,K,[Fe(CN).] where m + 5 = 2. With an excess of cop- 


per chloride the value of n lies between 1.3 and 2. Duclaux 
believes the potassium ferrocyanide to be combined with the cop- 
per salt forming a series of definite double salts. It ismore likely, 
however, that the gel is copper ferrocyanide with potassium ferro- 
cyanide adsorbed in varying amounts depending on the relative 
concentrations of the salts and the conditions of precipitation. 
This does not preclude the formation of definite double salts 
under certain conditions; but the composition of the precipitated 
gel can be varied continuously over such a wide range that the 
existence of definite double salts is not established simply by 
the analysis of an amorphous mass. 

That it has been the practice to assign formulas to the different 
gels whenever an analysis was made is evidenced by the large 
number of types of double salts and molecular compounds of 
double salts that are assumed to exist.2 One is pretty safe in 

1 J. chim. phys., 5, 29 (1907). 

2Eg., see WituraMs: “The Chemistry, Manufacture, and Estimation 
of Cyanogen Compounds,” 94 (1915); Roscop and ScHORLEMMER; “‘Trea- 


tise on Chemistry,” 
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saying that most of the amorphous masses which have been given 
a complex formula are not definite compounds but are mixtures or 
adsorption complexes. The field of the complex and double 
ferrocyanides should be investigated thoroughly in the light of 
the phase rule and modern colloid chemistry. Until this is done 
it is a hopeless task to attempt to separate the “‘wheat from the 
tares.”’ It appears, however, that the ferrocyanides of copper, 
cobalt, cadmium, ferrous and ferric iron, aluminum, lead, manga- 
nese, nickel, and zinc can be prepared pure by adding calcium 
ferrocyanide or hydroferrocyanic acid to an excess of a solution 
of the metallic salt or by dissolving the carbonates or hydroxides 
in the dilute acid.! The ferrocyanides of copper, zinc, and iron 
will be considered in detail, the first two in the present chapter 
and the last in a separate chapter on ‘‘ Prussian Blue.”’ 


CoprpEeR FERROCYANIDE 


Colloidal solutions of copper ferrocyanide may be prepared by 
mixing very dilute solutions of potassium ferrocyanide and copper 
sulfate.2 Gurchot® dissolved 1 gram each of the two salts in 
3000 cubic centimeters of water and mixed the resulting solutions 
rapidly. The brown sol was quite stable, showing no signs of 
agglomeration on long standing. More concentrated sols may 
be obtained by the use of protecting agents* such as gelatin and 
sugar or by peptization of the freshly formed gel. Graham used 
oxalic acid or ammonium oxalate as a peptizing agent but there 
is no point in this as the gel is carried into colloidal solution by 
thorough washing, preferably by the aid of the centrifuge.® 
The purity of the sol is increased by subjecting it to dialysis in 
the cold. The particles of the sol are negatively charged, prob- 
ably owing to preferential adsorption of ferrocyanide ion. A 
quantity of sol containing 9.6 X 10-° gram atoms of potassium 
required for coagulation the amounts of the several ions given in 


1 WiuuraMs: “The Chemistry, Manufacture, and Estimation of Cyanogen 
Compounds”’ (1915). 

2Granam: Phil. Trans., {1] 151, 183 (1861). 

3 J. Phys. Chem., 30, 90 (1926). 

4Losry pn Bruyn: Rec. trav. chem., 19, 236 (1900), 

5 Waser: J. Phys. Chem., 30, 1530 (1926). 
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Table XXXV. Duclaux! points out that these precipitation 
values are approximately equivalent, irrespective of the valence, 
and are of the same order as the potassium ion concentration, 


TABLE XX XV.—PRECIPITATION OF CoLLomDAL CusFn(CN)s ConrTarinine 
9.6 X 10-*' Gram Atoms OF PoTAssIUM 


Amount required 

tee wale. for precipitation, 

gram equivalent 
«10-8 
SUV ORE er rere heirs oar Oe ae tae ere oe 1 6.6 
MONDE IOI A ay ego eee tas eee ong eee 2 3.4 
J UTVUCeTUIEU RAH eget oe Ba MO er tech others Ae he ea ated 3 5.8 
TRO, DA ARES cone SE ao ee rae: 3 6.2 
PBFA siT eae, Ae ca na BA See Me an or 2 15.0 
ESL (UIE eae nek ee nee he ct ee ee ea te 2 48.0 
VIA IGS nes eas See ee re et 2 _ 98.0 
FE OLSDSS TTT Seeneee ere Pet fe eee eras ep ereeeleeat ae i 240.0 


provided one takes the first four ions and disregards the last 
four. On the basis of these and similar data on hydrous ferric 
oxide sol, he considers the precipitation process to be a definite 
stoicheometric chemical action, a double decomposition of the 
ordinary type. This conclusion is not in accord with the facts, 
even if one were permitted to disregard the last four ions. The 
precipitation concentration expressed in equivalents is different 
for each ion and has no necessary connection with the potassium 
ion concentration. In accord with the usual rule, the precipi- 
tating power of an electrolyte is determined by the adsorbability 
of the precipitating ion, which is, in general, greater the higher 
the valence, and by the adsorbability of the ion having the same 
charge as the sol. This is illustrated by some observations of 
Sen? recorded in Table XXXVI. In part A are given the 
precipitation values of salts with cations of varying valence. It 
will be seen that the elements divide themselves into three well- 
defined groups depending on the valence.* In part B are given 
the precipitation values of potassium salts arranged in decreasing 
1 J. chim. phys., 6, 29 (1907). 


2 J. Phys. Chem., 29, 517 (1925). 
3 Cf. PAPPADA: Gazz. chim. ital., 41, (2) 470 (1911). 
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TaBLE XX XVI.—PRECIPITATION CONCENTRATION OF ELECTROLYTES 
ror CoLLomAL CuzFE(CN), 
EEE 


A B 
Salts with cations of varying valence Potassium salts 
Precipitation Precipitation 
: concentration, concentration, 
pelts milliequivalents pelts milliequivalents 
per liter per liter 
KO ae ue uae 35.6 DENK OHM om pvc ot 28.7 
INI CIE caterer cere 92.5 ESB Rae eras ees 27.5 
Ba(C2H302)s. Seine eat 0.890 K.2SO,4 NR toi cet aio 
BaClo ane eee 0.915 KS HPO gee ee 47.5 
IMIR Ol iis Gara aur 20) K.(C4H4O¢) ies ape ii 95.0 
IAS (SO) shee 0.175 MAOH OVS eo ae 170.0 
Ce@NOn saree rae 0.102 K;Fe(CN)........| 205.0 
AUINONKO aso ooh too oc 0.150 Keane (GN)iese sree 260.0 


order of precipitating power, which is the order of increasing 
adsorption of the anions, on the assumption that the most 
strongly adsorbed anion has the most pronounced stabilizing 
action. 

Frankert and Wilkinson! determined the acidity or alkalinity 
developed on shaking solutions of potassium salts with powdered 
copper ferrocyanide. The hydrogen ion concentration varies 
from slightly acid with the weakly adsorbed chloride to highly 
alkaline with the strongly adsorbed ferrocyanide. The order of 
adsorption of anions based on the acidity developed is: 
Fe(CN), > HPO; > OH > Fe(CN), > SO; > Cl NO; 
It will be noted that the order is similar to the one deduced from 
precipitation data for ions common to both series. It is probable 
that the series would be more nearly alike for the two sets of 
experiments if the same sample of copper ferrocyanide were 
employed. 

Some observations by Bhatnagar? may prove to be of impor- 
tance for the theory of the mechanism of the process of coagula- 
tion by electrolytes. Various sols were prepared, including 


1 J. Phys. Chem., 28, 651 (1924). 
* BuaTnaaar, Maruur, and Surivastava: J. Phys. Chem., 28, 387 (1924). 
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copper ferrocyanide, and coagulated by electrolytes with precipi- 
tating ions of varying valence. By means of a special elutriating 
device, it was found that for sols of one size of particle, the ratios 
of the elutriating velocities for the particles of the coagula 
obtained by salts with monovalent, divalent, and trivalent 
precipitating ions are 1:2:3. A close relationship is thus 
indicated between size of particles found by agglomeration and 
the valence of the precipitation ion. In the case of a spherical 
particle falling in a viscous liquid, the velocity of fall, which 
corresponds to the elutriating velocity, is proportional to the 
square of the radius, that is, to the extent of surface of the 
particles. If Bhatnagar’s observations are correct it follows, 
therefore, that the magnitude of the charge present on the precipi- 
tating ion will determine the extent of surface of particles formed 
by coagulation of sols. Unfortunately, the experimental proce- 
dure is open to so many possible sources of error and the observa- 
tions are so incomplete, that any deductions based on the 
recorded data would seem to be premature. 

Colloidal copper ferrocyanide is precipitated by methyl alcohol 
in rather high concentration. Gurchot! suggests two possible 
explanations of this phenomenon: first, that the coagulation is 
brought about by a decrease in surface tension; and, second, 
that the negative charge on the particles is reduced below the 
critical value by the selective adsorption of alcohol. The 
second explanation is regarded as the more probable since surface 
tension decrease would tend to cause peptization rather than 
agglomeration. Gurchot implies that the reduction in the nega- 
tive charge of the ferrocyanide particles is due to selective adsorp- 
tion of the positive radical of the alcohol. Because of the slight 
polarity of the alcohol molecules, it seems likely that this effect 
will be negligible. A more probable explanation is that alcohol 
decreases the adsorption of the stabilizing ferrocyanide ion, 
either by displacing the latter or by cutting down the ioniza- 
tion of the salt in the intermicellar liquid.” 

Copper ferrocyanide was at one time used as a pigment known 
as Hatchett’s brown. Like the ferrocyanides of most of the 

1J. Phys. Chem., 30, 99 (1926). 

2 For a fuller discussion of the effect of non-electrolytes on the stability 
of sols, see p. 46. 
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metals, the hydrous gel is a mordant more especially for basic 
dyes.1. The black silver image in an ordinary photographic 
print may be converted into a red one, consisting in part of copper 
ferrocyanide, by immersing the print in a copper toning bath 
which is essentially a solution of copper ferrocyanide in an 
alkaline salt of citric, tartaric, or oxalic acid together with other 
salts.2. Owing to the mordanting action of the ferrocyanide dye, 
toned images may be obtained by immersing the copper-toned 
print in an acid solution of a basic dye such as thioflavine, 
victoria green, methyl green, methylene blue, chrysoidine, or 
methyl] violet.* 


ZINc FERROCYANIDE 


The gel and sol of zine ferrocyanide are very similar to those of 
copper ferrocyanide in all respects except color, and may be 
obtained by the same procedures. The sol of the zine salt has 
not been used extensively in the study of colloid chemical phenom- 
ena because it is not colored. For this reason, however, the gel 
has been used as a mordant more frequently than the highly 
colored copper salt. Color lakes suitable for printing on paper 
and textiles are obtained by mixing solutions of a basic dye and 
zine sulfate, followed by the addition of a solution of sodium or 
potassium ferrocyanide.* Zine ferrocyanide is also employed in 
the direct printing of cotton fabrics. In the presence of ammonia, 
zinc salts do not precipitate zine ferrocyanide from potassium 
ferrocyanide solution, unless the solution is boiled. It is there- 
fore possible to incorporate both of these reagents with the print- 
ing dye instead of previously mordanting the fabric with 
ferrocyanide.® 

The tendency of zine ferrocyanide to adsorb potassium ferro- 
cyanide interferes with the estimation of zine by titration with 
ferrocyanide and with the estimation of ferrocyanide by titration 
with zinc ion. It is claimed that this difficulty can be avoided 
by adding an excess of potassium sulfate. The formula of the 


‘Crark: Eastman Kodak Company, Abridged Publications, 2, 130 
(1915-16). 

*Frerauson: Phot. J., 183 (1900). 

3’ CRABTREE: J. Franklin Inst., 186, 515 (1918). 

‘ Justin-MvueE.umr: Rev. gén. mat. color., 24, 129 (1920). 

* PLANovskII and Smirnov: Chem. Abstr., 18, 1202 (1924). 
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salt obtained by following a definite procedure is said to be Zn3K>- 
[Fe(CN).lo.1 The solutions must be standardized against each 
other and it is recommended that titrations of an unknown be 
carried out as nearly as possible under the same conditions as the 
standardization. While the gelatinous precipitate may be a 
definite double salt of the above formula free from adsorbed 
ferrocyanide or zine, the author thinks it unlikely that such is the 
ease. The very fact that the titration of an unknown sample 
must be carried out under the same conditions as the standard- 
ization argues against the contention that the precipitated gel is a 
phase of unvarying composition. 
1 Mervrice: Ann. chim. anal., 18, 342 (1913). 


CHAPTER XVI 
PRUSSIAN BLUE 


The most important of the iron cyanogen derivatives are the 
various blue hydrous substances comprised under the general 
names Prussian or Berlin blue and Turnbull’s blue. The gels are 
obtained (1) by the interaction of ferric salts and ferrocyanides, 
(2) by the interaction of ferrous salts and ferricyanides, (3) 
by the oxidation of ferrous ferrocyanide, and (4) by the reduction 
of ferric ferricyanide. The freshman is usually told that the 
product of the first reaction is ferric ferrocyanide, Fey [Fe- 
(CN),]” or Prussian blue and the product of the second reaction 
is ferrous ferricyanide Fe3[Fe(CN).],” or Turnbull’s blue. It 
appears, however, that ferrous ferricyanide does not exist. 
On mixing either a ferric salt and a ferrocyanide or a ferrous salt 
and a ferricyanide the following equilibrium is set up before 
precipitation begins: 

Fe’ + Fe(CN)” @ Fe + Fe(CN),” 

From the electrochemical data of Abegg,! the equilibrium con- 
stant of this reaction is found to be: 

Fe -[Fe(CN)¢]’’”” 
Fe -[Fe(CN).]’” 
Thus, the equilibrium appears to be strongly in favor of the 
formation of ferricyanide but this equilibrium is disturbed by 
the formation of a precipitate whose composition is determined 
by the solubility relations which exist. As a result of extended 
investigations, Hofmann? concludes that all the blue gels are 
ferrocyanides, derivatives of hydroferrocyanic acid in which the 
hydrogen is either wholly or partly replaced by ferric iron and 
partly by another metal. When alkali (X) ferro- or ferricyanides 

1Z. Hlektrochem., 9, 569 (1903). 

? Liebig’s Ann., 337, 1 (1904); 340, 267; 342, 364 (1905); 362, 54 (1907); 
J. prakt. Chem., [2] 80, 150 (1909); cf., also, Skraup: Liebig’s Ann., 186, 
385 (1877); VorLANDER: Ber., 46, 181 (1913); Bowxes and Hirst: J. Oil 
and Color Chem, Assoc., 9, 153 (1926). 
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are employed the product is Fe, [Fe(CN).]3” or XFe' [Fe- 
(CN),]3’ or a mixture of the two. None of these compounds is 
obtained in any form other than as a hydrous gel except NH,- 
Fe; [Fe(CN)«]3.’ which may be prepared anhydrous and crystal- 
line. The gels of the corresponding potassium and sodium salts 
are certain to be contaminated more or less by adsorption of 
alkali ferrocyanide. Miiller added potassium ferrocyanide in 
gradually increasing proportions to ferric chloride and followed 
the course of the reaction both by indirect analysis of the pre- 
cipitates' and by electrometric titration. The following com- 
pounds appear to form in order Fe ,[Fe(CN)6];”, KFe,’- 
[Fe(CN).];'", and K;Fe(CN)s. When the ratio of FeCl; to 
K,4Fe(CN), is 4 or more to 3, the product is Fe,[Fe(CN)¢]3 but 
in other proportions, the product is a mixture of this compound 
with the complex salts. Similar observations on adding 
increasing amounts of K;Fe(CN). to ferrous chloride indicate the 
formation of the following substances in order: K'Fe, Fe; 
[Fe(CN)s]s.’, K Fe Fe; [Fe(CN).]3\", K’Fe[Fe(CN).]’"”’ and 
Fe,{Fe(CN).¢|3. Intermediate compositions are assumed to be 
mixtures. On the strength of these observations, Miiller con- 
cludes with Hofmann that Prussian blue and Turnbull’s blue are 
both ferrocyanides but unlike Hofmann, Miiller insists that the 
two are not identical. He prefers to regard Prussian blue as 
essentially potassium ferric ferrocyanide K’Fe“Fe(CN)¢”” and 
Turnbull’s blue as chiefly potassium ferrosoferric ferrocyanide 
K Fe Fe [Fe(CN)«]3. Obviously, this distinction is purely 
arbitrary since the composition of the glue gel varies with the 
relative proportions of the reacting constituents. Moreover, 
from numerous analyses of blues, Tarugi*® claims that a per- 
centage of oxygen is present in all of them that cannot be attri- 
buted to analytical errors. This result was confirmed in various 
ways with highly accurate analytical procedures and with 
reciprocal control. This is not at all surprising when the blue is 
made by the interaction of ferrocyanide and ferric chloride, since 
the iron salt is partly hydrolyzed giving colloidal hydrous ferric 


1 Miter and Sraniscu: J. prakt. Chem., [2] 79, 81; 80, 153 (1909); 84, 
353 (1911); Mitumr: Jbid., 90, 119 (1914) 

2 MULuER and Lavutersacu: J. prakt. Chem., [2] 104, 241 (1922). 

3 Gazz. chim. ital., 55, 951 (1925). 
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oxide which will be carried down by the gel. Indeed Vorlander! 
showed that this hydrolysis of ferric salts causes the reaction with 
ferrocyanide to proceed at a rate sufficiently slow to measure. In 
this connection, mention should be made of Reitstdtter’s*? obser- 
vation that the addition of a small amount of ferric salt to the 
test tube containing the precipitate thrown down from an alumina 
sol by the required amount of ferrocyanide, does not give Prus- 
sian blue until after an appreciable interval of time. This is due 
to the very strong adsorption of ferrocyanide by alumina which 
removes the former completely from the field of action. If 
another strongly adsorbed anion is added to the alumina either 
before or after coagulation, the ferrocyanide is displaced in part 
and the time required for the appearance of Prussian blue is 
diminished appreciably. 

Since in all cases the precipitated blue gel is more or less impure, 
the author prefers to designate the mixture of salts by the general 
term Prussian blue and to discontinue the use of the term Turn- 
bull’s blue. 

A brown sol of ferric ferricyanide is formed by the interaction of 
aqueous solutions of ferric chloride and potassium ferricyanide.* 
Ultramicroscopic examination shows that the particles increase in 
size gradually and a green substance finally separates out. This 
green precipitate is probably a mixture of ferric ferricyanide and 
Prussian blue. A similar green substance is formed by adding 
ferric chloride to potassium ferricyanide solution containing a 
little potassium ferrocyanide. Williams‘ believes the gel to be 
a double salt of ferric ferricyanide and potassium ferric ferro- 
cyanide which he _ formulates Fey K;[/Fe Fes (CN) slo -- 
210H:0. As is the case with so many alleged complex com- 
pounds, the gel in question is doubtless nothing more than a 
mixture which can have any composition you like, depending on 
how it is made. 

Hydrous ferric oxide treated with hydrocyanic acid gives a 
black gel which is an irreversible adsorption complex of Prussian 

1 Ber., 46, 181 (1913); Kolloid-Z., 22, 103 (1918). 

* Kolloid-Z., 21, 197 (1917); Freunpuicw and Reirsrérrer: Jbid., 23, 
23 (1918); VorLANDmR: [bid., 22, 108 (1918). 

§’ Hauer: Kolloid-Z., 20, 76 (1917). 

“The Chemistry, Manufacture, and Estimation of Cyanogen Com- 
pounds,” 142 (1915), 
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blue and ferric oxide.' It is believed that the hydrocyanic acid 
first reduces some of the ferric oxide to ferrous oxide which 
dissolves in the excess acid to give ferrocyanic acid. The latter 
then reacts with hydrous ferric oxide giving Prussian blue which 
is adsorbed by the remaining oxide. A black gel containing as 
much as 10.5 per cent Prussian blue was prepared in this way. 

While the work of Hofmann and Miller has gone a long way 
toward clearing up the chemistry of the complex iron-cyanogen 
compounds, there is still considerable doubt as to whether such 
alleged compounds as KFe;Fe; [Fe(CN).]s’ actually exist. 
One can not emphasize too strongly that the analysis of a 
gel, either by a direct or an indirect method, does not give 
sufficient data to establish the gel as a definite compound. 
Electrometric titrations, likewise, cannot give conclusive results 
when a gel with a strong adsorption capacity 1s precipitated 
during the process. 

An interesting experiment in diffusion which involves the 
formation of Prussian blue, is Alexander’s so-called “patriotic 
tube.” <A test tube is filled two-thirds full of a slightly alkaline 
agar sol containing enough phenolphthalein to turn it pink and 
a little potassium ferrocyanide. After the agar has set to a 
solid, a dilute solution of ferric chloride is carefully poured on top. 
The ferric ion forms with the ferrocyanide a slowly advancing 
band of blue before which the more rapidly diffusing hydrochloric 
acid spreads a white band as it discharges the pink color of the 
indicator. In a few days the tube is about equally banded in 
red, white, and blue.? Creighton* obtained rhythmic bands of 
Prussian blue by passing an electric current through a dilute 
solution of potassium ferrocyanide and sodium chloride in an 
agar jelly contained in a tube 70 centimeters long and 2 centi- 
meters in diameter. 

Commercial Prussian blue is a very important blue pigment. 
What is said to be the finest variety, known as Paris blue, is 
obtained by mixing potassium ferrocyanide and ferrous sulfate, 
followed by oxidation of the white ferrous ferrocyanide by 


1 WEDEKIND and Fiscuer: Ber., 60 B, 541 (1927); WeppKinp: Natur- 
wissenschaften, 15, 163 (1927). 

* Cf. Houmes: “Laboratory Manual of Colloid Chemistry,” 11 (1925). 

3J. Am. Chem. Soc. 36, 2357 (1914). 


252 THE COLLOIDAL SALTS 


chlorine.! The use of potassium salts is said to be of impor- 
tance, the color being less satisfactory when sodium salts are 
employed. Eibner and Gerstacker? claim that blues with a 
high potassium content possesses the technically desirable green- 
ish shade while those poor in potassium are dull with a violet 
tinge. It is not obvious why sodium salts should yield a pigment 
inferior in color to potassium salts. Since the variation in color 
is doubtless due to the physical character of the precipitate, 
there is no apparent reason why a proper control of the condi- 
tions of precipitation should not yield a satisfactory product with 
sodium salts. Williams* claims that potassium salts may be 
replaced by ammonium salts with satisfactory results. 

In commercial pigments, Prussian blue is diluted with starch, 
heavy spar, gypsum, zine white, or burned and ground kaolin. 
The white constituent is first pulverized and then added to a 
paste of Prussian blue. The relative degree of subdivision of 
the white and colored constituents is quite important. If a 
very fine powder is shaken with a moderately coarse one, the 
former tends to coat the latter instead of filling the voids in the 
space occupied by the coarser material. In one experiment, 
Briggs* mixed 0.032 gram of Prussian blue with 10 grams of 
dolomite which passed a 40-mesh sieve and did not pass a 100- 
mesh sieve; and in a second experiment, the same amount of 
Prussian blue was mixed with 10 grams of dolomite, all of which 
would pass a 200-mesh sieve. In the first case, the resulting 
mixture was a deep blue and in the second it was practically 
white although the percentage compositions were identical in 
the two cases. 


PRUSSIAN BLUE SOLS 


Prussian blue gel precipitated by a slight excess of ferrocyanide 
is called “soluble”? Prussian blue because it is so readily peptized 
by washing.® ‘The gel formed in the presence of a slight excess of 


1Cf. THorpe: “Dictionary of Applied Chemistry,” 2, 448 (1921). 

2 J. Soc. Chem. Ind., 31, 1041 (1912). 

’“The Chemistry, Manufacture, and Estimation of Cyanogen Com- 
pounds,”’ 120 (1915). 

4 J. Phys. Chem., 22, 216 (1918); cf. Fink: Ibid., 21, 32 (1917). 

> BERZELIUS: Schweigg. J. Chem. Physik., 80, 1, 34 (1820). 
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iron is not peptized easily by washing and so is designated 
“insoluble”? Prussian blue. This term is a misnomer, since 
the so-called insoluble compound is earried into colloidal solu- 
tion by thorough washing, preferably by the aid of the centrifuge, 
especially if a trace of potassium ferrocyanide is added to the 
wash water.! A sol is formed also by peptization of the gel with 
oxalic acid,” followed by dialysis. Unlike oxalic acid, the neutral 
oxalates of potassium, sodium, and ammonium dissolve the 
Prussian blue gel, giving a soluble potassium iron oxalate with 
a green color.* Hence the test for ferric iron by the Prussian 
blue test loses its reliability in the presence of neutral oxalates. 
The oxalic acid sol was once employed as an ink but it has now 
been replaced by the blue aniline colors. 

The addition of an excess of potassium ferrocyanide to a ferric 
chloride solution gives a blue-green to light-green sol* which is 
not a definite green double salt or other compound. Instead, 
it is a mixture of very finely divided Prussian blue with a small 
amount of adsorbed colloidal hydrous ferric oxide. A similar 
green sol results on mixing a dilute sol of ferric oxide with Prussian 
blue. The addition of alcohol, hydrochloric acid, or neutral 
salts, including an excess of potassium ferrocyanide, to the green 
sol throws down the usual deep blue precipitate. 

Prussian blue sols are composed of non-spherical particles® 
which are negatively charged as a rule owing to preferential 
adsorption of ferrocyanide ion. Bachmann showed, however, 
that the particles are positively charged in the presence of a 
suitable small excess of the strongly adsorbed ferric ion. The 
behavior is thus analogous to that of the silver halides which 
assume a negative charge in the presence of excess halide ion 
and a positive charge in the presence of excess silver ion. The 
positive Prussian blue sol precipitates slowly on standing but is 


1 BacHMANN: Z. anorg. Chem., 100, 77 (1917). 

?SrepHEN and NasH: Ann. Pharm., 34, 348 (1840); Karmarscu: J. 
prakt. Chem., 20, 175 (1840); Granam: Phil. Trans., [1] 151, 183 (1861); 
REINDEL: J. prakt. Chem., 102, 38, 255 (1867). 

’ Koun: Monatsh., 48, 373 (1923); Koun and Brencozmr: Jbid., 44, 97 
(1923). 

4 BacHMANN: Z. anorg. Chem., 100, 77 (1917). 

5 Szecvari: Z. physik. Chem., 112, 277 (1924). 
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completely repeptized by shaking. The stability of the sols is 
increased by the presence of a small amount of gelatin.! 
Prussian blue sols are precipitated readily by electrolytes, 
especially those with multivalent cations. Pappada? found the 
order of precipitating power to be: Fe, Al, Cr > Ba, Cd > Sr, 
Ca >H>Cs > Rb>K>Na>Ili. Lachs and Lachman’ 
investigated the precipitating power of salts with cations of 
the same valence. The results are givenin Table XX XVII. On 
the basis of these and similar observations on colloidal antimony 


TaBLE XXXVII.—CoacGuLATION OF COLLOIDAL PRuSSIAN BLUE BY 


ELECTROLYTES 
Sol 1 Sol 2 
Precipitation Precipitation 
Electrolyte 2 eae Electrolyte : preilics 
milliequivalents milliequivalents 
per liter per liter 

UN Osteec temas 130 KN Oster nee 80 
KNOs...........-, 40 Mg(NOs)2....... 11.4 
GaN Osan oes te Ca(NOs)> < lata ave tevs lai 9.0 
TitsS Oacera- ein eee 1000 SruNOs)see ane ee 5.8 
K.SO, 72 BatNOsls= see eee 2.2 
Cs.S0,4 7 


pentoxide, it is concluded that the adsorption of an ion which 
determines its precipitating power is closely related to its degree 
of hydration. According to Fajans,* the hydration of an ion 
may be regarded as the formation around the ion of a polarized 
water envelope consisting of dipoles, the process being accom- 
panied by a positive heat effect. From this point of view, one 
should expect the adsorption of the ions to be accompanied by 
partial dehydration, the extent of which will be determined by 
the heat of hydration of the ions. Since both the heat of hydra- 
tion and the amount of hydration decreases in the series from 

1Losry pr Bruyn: Rec. trav. chim., 19, 236 (1900). 

* Kolloid-Z., 6, 83 (1911); cf. Yasntk and Buatia: J. chim. phys., 22, 
589 (1925). 

3Z. physik. Chem., 123, 303 (1926). 

4Fasans and Beckpratu: Z. physik. Chem., 97, 478 (1921). 
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lithium to caesium and from magnesium to barium, it follows 
that the adsorptive power and coagulative action should increase 
in this direction, as the results show.! 

In order to get a more exact insight into the relationship 
between adsorbability and heat of hydration, the heat of adsorp- 
tion in solution, Us, can be regarded as the small difference 
between the heat of adsorption in vacuum, U,, and the heat of 
hydration, W, that is; U2 = U,— W. According to Fajans? 
the heat of adsorption in vacuum is inversely proportional to the 
sum of the radius of the charged ions, 71, and of the adsorbed 
discharged ions, 72; that is 
: Ky 
ee fy +0 


Born? points out that the heat of hydration includes the dielectric 
constant of the solution and as a first approximation is inversely 
proportional to the ratio of the adsorbed ions rz; that is 


oe 
Now if Kyi, 71, and K, are assumed to be constant then 
ky Ko 
ain, ei area a 
On differentiation this becomes 
K, Ke _ K2(r1 + 72)? — Kry 


1 ge ee si = a Paeeet Ul els Aes 
Lae (ry 9) = ae Gal ame 
The last value comes out to be positive in the case under consider- 

K Ke 
rite cute Ts 
decrease with increasing radius of the adsorbed ions re, the 
difference with increasing rz is always positive. Accordingly, 
the heat of adsorption must increase in the ion series from lithium 
to caesium and from magnesium to barium. Some data on the 
heat of hydration of alkali cations and the heat of adsorption of 
the corresponding nitrates by charcoal are given in Table 
XXXVIII. It will be seen that the heat of hydration falls as 

1 Wuisper: J. Phys. Chem., 29, 955 (1925); cf. p. 287. 

* Verh. deutsch. physik. Ges., 21, 549, 709, 714 (1919); Naturwissenschaften, 
87; L921). 
3 Z. Physik, 1, 47 (1920). 


ation. This means that although the two values 
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one goes down the series, while the heat of adsorption of LiNOs, 
NaNO;, and KNO; is in the ratio 8.9:10.4:11.7. Since the 
heat of adsorption is a measure of the adsorbability, the increase 
in precipitating power from lithium to caesium is accounted for. 


Taste XX XVIII.—Heat or Hypration oF ALKALI Ions AND HBAT OF 
ADSORPTION OF ALKALI NITRATES ON CARBON 


Heat of hydration of alkali ions Molecular heat of adsorption of salts by carbon 
Heat of hydra- Heat of adsorp- 
Ton tion, Calories per Salt tion per mol, 
gram ion relative values 
PRE Ae OR Ce ee 120 THNOmen. nee see 8.90 
ING: epee hte rns 92 KN O)s ape ae nee 10.40 
O68 ae ee mee 72 GaN On aeee eeahe 11.72 
ARORA See remorsiore Se 68 
a raer grae tain tee 62 


While these considerations indicate the existence of a qualita- 
tive relationship between adsorption and heat of hydration in 
the cases under consideration, it should be emphasized that this 
factor is but one of a number of factors which determine adsorb- 
ability. Indeed, it is probable that heat of hydration of ions 
plays but a minor role in many instances. Thus we have 
seen that the solubility of the salt which an ion may form with 
an adsorbent appears to be the important factor in the adsorption 
of certain ions.! 

In this connection, Mukherjee? attributes the variation in 
adsorbability in a series of ions such as the alkalies, to differences 
in their mobilities. The ions adsorbed on the particles exert an 
attraction on the ions of opposite sign in the solution. The 
latter will be held firmly so that they cannot migrate provided 
their kinetic energy remains below a value U2 which is necessary 
to separate the ion from the oppositely charged point of the 
surface. The value Us, as heretofore, is the work of adsorption 
or its equivalent, the heat of adsorption. According to 
Mukherjee, it can be calculated from the expression 

nn. 
OS Dz 


1Cf. p. 217. 
2 Phil. Mag., [6] 44, 321 (1922). 
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in which 7 is the valence of the adsorbed ion, v2 the valence of the 
ion of opposite charge in the solution, e the charge on the electron, 
D the dielectric constant of water, and x the distance between 
the centers of the ions at the position of minimum distance. 
The value of x is therefore equal to the sum of the radii of the ions 
or (7; +72). Born! showed, however, that the radius of the 
alkali metals increases in the series from lithium to caesium; 
hence, the value of U2 calculated from the above equation must 
decrease from lithium to caesium which is contrary to the obser- 
vations of Lachs and Lachman. Moreover, the view of Mukher- 
jee is unsound theoretically, since adsorption represents an 
equilibrium condition which would not be determined by the 
mobility of the ions.’ 

Mutual Action of Sols.—If one sol is treated with a second, the 
first will be stabliized, sensitized, or completely or partially 
precipitated, depending on the nature and relative concentrations 
of the two sols. Sols peptized by water such as gelatin usually 
exert a protective action on others and are therefore called 
protective colloids. Even in such eases, however, the charge and 
relative concentrations of the two sols determines whether or not 
stabilization takes place. Thus Billitzer* found that gelatin in 
acid or neutral solution is a positive sol and so will agglomerate 
negative sols but not positive ones such as hydrous ferric oxide; 
whereas gelatin in ammoniacal solution is a negative sol and so 
precipitates hydrous ferric oxide. No precipitate is thrown 
down, however, if gelatin is first added to colloidal ferric oxide, 
followed by the addition of ammonia. In the latter case we get 
a stable mixture of positive sols changed simultaneously to a 
stable mixture of negative sols by the addition of hydroxyl ions. 

If a small amount of a positively charged sol is added to a large 
amount of a negatively charged sol, the former may be stabilized 
owing to adsorption of the latter which, in turn, is sensitized to 
some extent. Complete mutual precipitation takes place when 
one sol has adsorbed the amount of another sol carrying an 
equivalent quantity of an ion of opposite charge. The addition 
of electrolytes to the mixture of sols will widen the range of 

1Z. Physik, 1, 221 (1920). 

2 Cf. Zstamonpy: ‘‘ Kolloidchemie,” 5th ed., 200 (1925). 

3Z. physik. Chem., 61, 148 (1905). 


258 THE COLLOIDAL SALTS 


mutual precipitation. This is illustrated by some observations 
of Rabinerson! on the mutual action of positive hydrous ferric 
oxide sol and negative Prussian blue sol both in the absence and 
presence of sodium chloride. The behavior of the mixtures of sols 
whose compositions are given in Table XX XIX was investigated 
and the results shown graphically in Fig. 24. The percentage 


TaspLe XX XIX.—Mrxtures or Ferric OxipE AND PRussIAN BLUE SOLS 
Wuose Brnavior Is REPRESENTED IN Fic. 24 


Weight per 100 grams sol Per cent 
Number Ferric Prussian Ferric Prussian 

oxide blue oxide blue 
1 Om 0.0025 97.56 2.44 
2, 0.1 0.0050 95.24 4.76 
3 On 0.0100 90.91 9.09 
4 0.1 0.0250 80.00 20.00 
5 Om 0.0500 66.67 Sooo 
6 0.050 0.0500 50.00 50.00 
7 0.020 0.0500 28.57 71.438 
8 0.010 0.0500 16.67 83.33 
9 0.004 0.0500 7.41 92.59 


composition of the mixtures is plotted as abscissa against the per- 
centage amount of coagulation asordinate. The several unbroken 
curves show the effect of sodium chloride in the amounts in- 
dicated onthe mutual action of the sols. The dotted curves show 
the extent of coagulation by the sodium chloride of pure ferric 
oxide sols of the different concentrations. The ferric oxide sol is 
the more sensitive to the action of electrolytes, sodium chloride 
causing clouding of the 0.1 per cent sol at a concentration of 
200 millimols per liter and complete coagulation at 500, while a 
0.05 per cent Prussian blue sol requires 400 millimols per liter 
for clouding and 1000 for complete coagulation. 

In the absence of sodium chloride, complete mutual precipita- 
tion takes place sharply with approximately 33 per cent ferric 
oxide and 67 per cent Prussian blue. Both to the right and left 
of this point the amount of precipitation falls off, decreasing to 
zero with about 90 per cent ferric oxide and 9 per cent Prussian 

1 Kolloid-Z., 39, 112 (1926). 
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blue on the left, and with 28.5 per cent ferric oxide and 71 per 
cent Prussian biue on the right. The presence of sodium chloride 


NaCl 


Extent of Coagulation,Per Cent 


1000 


Fe,0; 100 13 50 25 0 
K4Fe(CN), 9 25 50 75 100 


Fic. 24.—Mutual action of positive hydrous ferric oxide sol and negative 
Prussian blue sol, in the absence and in the presence of sodium chloride. 
(Sodium chloride concentration in milliequivalents per liter.) 


in the mixture of sols increases the range of complete precipitation 
both to the left and to the right. This effect is more marked with 
excess ferric oxide than with excess Prussian blue since the former 
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sol is more sensitive to the action of sodium chloride. When the 
concentration of salt reaches 500 millimols per liter, the left 
portion of the curve becomes parallel with the abscissa while 
the right portion takes this position only after the concentration 
has been raised to 1000 millimols. 

The observations show quite clearly the relationships among 
sensitization, mutual coagulation, and protective action. It is 
obvious that within a certain range each sol sensitizes the other 
since an amount of sodium chloride which will not coagulate 
either sol alone will effect complete coagulation of a mixture 
that appears stable. For example, the second and third mixture 
of sols listed in the table do not precipitate in the absence of 
sodium chloride but 100 millimols per liter will precipitate both 
mixtures although this amount of salt does not cloud either sol 
taken separately. 

The protecting action of Prussian blue is also illustrated by the 
curves. For example, the dotted curves in IV disclose that the 
0.1 per cent ferric oxide sol is clouded by 250 millimols per liter 
of sodium chloride whereas the 0.02 per cent sol is completely 
precipitated. On the other hand, the 0.02 per cent sol is not even 
rendered cloudy by this amount of salt when Prussian blue 
is present in the ratio of 71.4 per cent to 28.6 per cent of ferric 
oxide. In general, in the region of electrolyte concentration 
which hes between the coagulation value of the two sols of 
opposite sign, the more sensitive sol is protected by an excess of 
the more stable sol. 


CHAPTER XVII 


PERMEABILITY OF MEMBRANES—ULTRAFILTRATION— 
DIALYSIS 


SEMIPERMEABLE MEMBRANES 


A membrane is said to be semipermeable when it permits one 
constituent of a solution to pass through—usually water—and 
does not allow diffusion of the other constituents or one or more 
of the other constituents. The plasma membranes of cells are 
natural membranes of this kind. Traube! was the first to recog- 
nize a similar semipermeability in certain gelatinous precipitates, 
the so-called precipitation membranes of which copper ferro- 
cyanide is the most familiar example. Such a membrane is 
obtained by holding a solution of copper sulfate in a glass tube 
which is subsequently immersed in a solution of potassium 
ferrocyanide. The film of copper ferrocyanide formed at the 
junction of the two solutions will allow water to pass through 
but not dissolved substances such as sugar and certain salts. 

If a solution is covered with a layer of the pure solvent, diffu- 
sion of the dissolved substances takes place until the concentra- 
tion throughout the system is the same. The force driving the 
dissolved substance from the more concentrated to the less 
concentrated solution until equilibrium is attained is termed 
osmotic pressure. The existence of this force may be demon- 
strated by placing a solution in a vessel with semipermeable walls 
closed except for a capillary tube, and immersing the vessel in 
pure solvent. Since the septum is, by definition, permeable to 
the solvent and impermeable to the solute and since equilibrium 
will be attained only when the concentrations on both sides are 
equal, it follows that the solvent must pass through the membrane 
and dilute the more concentrated solution. This manifests 
itself by a rise of liquid in the capillary tube. An unsupported 


1 Archiv. Anat. Phystol., 86 (1867) 
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membrane of copper ferrocyanide ruptures so easily that it is 
not suitable even for qualitative observation of osmotic pressure. 
To get around this difficulty, Pfeffer! deposited the ferrocyanide 
on the inside of a porous cup by allowing the ions to diffuse into 
the supporting medium from opposite sides. A more satisfactory 
method devised by Morse? consists in driving the ions into the 
walls by means of an electric current. Membranes supported 
in this way have withstood pressures as high as 130 atmospheres 
and have proved to be nearly ideal as regards semipermeability. 

Atomic Sieve Theory.—To account for the action of semi- 
permeable membranes, Traube conceived of them as atomic or 
molecular sieves through which progressively larger molecules 
diffused with increasing difficulty. Thus a copper ferrocyanide 
membrane was believed to contain pores large enough for the 
small molecules of water to get through but too small to allow the 
larger sugar molecules to pass. This view was shown to be 
inadequate by the observations of Tammann,* Walden,‘ I. 
Traube,® Barlow,® and others’ who made comparative tests on a 
number of semipermeable membranes with a number of diffusing 
substances. If the action is that of a sieve, it should be possible 
to arrange the membranes in a series in the order of their per- 
meability. On the contrary, it was found that a membrane 
quite impermeable to most substances may be more permeable 
to some than is a membrane which, in general, possesses high 
permeability. Moreover, the impermeability of a membrane 
such as rubber to water and its permeability to the much larger 
molecules of benzene and pyridine cannot be accounted for on 
the sieve theory. Finally, recent observations which will be 
reported in the next section furnish conclusive evidence that a 
membrane such as copper ferrocyanide is not a static system but 


1“Osmotische Untersuchungen,” Leipzig, (1877). 

* Morse and his collaborators: Am. Chem. J., 26, 80 (1901); 28, 1 (1902); 
29, 173 (1903); 34, 1 (1905); 36, 1, 39 (1906); 37, 324, 425, 558; 38, 175 
(1907); 39, 667; 40, 1, 194, 266, 325 (1908); 41, 1, 92, 257 (1909). 

5Z. physik. Chem., 10, 255 (1892). 

4Z. physik. Chem., 10, 699 (1892). 

5 Phil. Mag., [6] 8, 704 (1904). 

® Phil. Mag., [6] 10, 1 (1905); FinpLay and Snort: J. Chem. Soc., 87, 
819 (1905). 

7 IKAHLENBERG: J. Phys. Chem., 10, 169 (1906). 
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a dynamic one capable of undergoing reversible permeability 
under suitable conditions. 

The Solution Theory.—The solution theory of the action of 
the semipermeable membrane postulates that a membrane is 
permeable to such substances as dissolve in it and impermeable 
to those that do not. This view was anticipated by Liebig! 
as early as 1848 when he said: “‘The volume changes of two 
miscible liquids which are separated from each other by a mem- 
brane depends upon the unequal wetting or attraction which 
the membrane exerts on the two liquids.” The first experimental 
work with the object in view of testing this theory was carried 
out by L’hermite? in 1855. Ina test tube he placed some water, 
above this a thin layer of castor oil, and above this a layer of 
alcohol. In the course of a few days the alcohol had passed 
through the castor oil to the water, leaving but two layers in the 
tube. Turpentine was substituted for the oil with the same 
results. Again, when a layer of chloroform was separated from a 
layer of ether by a layer of water, the ether passed through the 
water to the chloroform. As a result of similar observations 
on eight different combinations of this kind, L’hermite reached 
the conclusion that substances which pass through membranes 
first dissolve in them. This mechanism has been supported by 
the work of numerous investigators. Thus Kahlenberg found 
that benzene, toluene, and pyridine, which are soluble in rubber, 
diffuse through rubber, whereas water which is insoluble in rubber 
does not pass through. Moreover, trichloracetic acid passes 
through a rubber membrane when dissolved in benzene but only 
very slowly when dissolved in water. Kahlenberg assumes not 
only a solution of the liquids in membranes to which they are 
permeable but a kind of loose chemical union as well. 


It has been shown that whether osmosis will take place in a given case 
or not depends upon the specific nature of the septum and the liquids 
that bathe it; and if osmosis does occur, these factors also determine the 

1“Ursachen der Saftebewegung,” Braunschweig, (1848); Liebig’s Ann., 
121, 78 (1862). 

2 Ann. chim. phys., [3] 48, 420 (1855). 

3GraHamM: Phil. Trans., 144, 177 (1854); 151, 183 (1861); Nernst: 
Z. physik. Chem., 6, 37 (1890); Tammann: [bid., 10, 255 (1892); OvmRTON: 
Ibid., 22, 189 (1897); Bartow: Phil. Mag., [6] 10, 1 (1905); KanHLENBERG: 
J. Phys. Chem., 10, 169 (1906), 
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direction of the main current and the magnitude of the pressure devel- 
oped. The motive force in osmotic processes lies in the specific attrac- 
tions or affinities between the liquids used and also those between the 
latter and the septum employed. These attractors or affinities have 
also at times been termed the potential energy of solution, ete.; they are 
to the mind of the writer essentially the same as what is commonly 
termed chemical affinity. 


While solution in the membrane may be a necessary and 
sufficient criterion for semipermeability in certain cases, Bigelow! 
and Bartell? demonstrated conclusively that osmotic effects can 
be obtained with inert materials where neither solution nor 
chemical reactions can take place. Thus porous cups served 
as semipermeable membranes when the pores were sufficiently 
fine or when they were clogged to a certain extent with such 
substances as barium sulfate, lead chromate, lead sulfate, ete. 
Moreover, finely divided materials such as silica, carbon, metallic 
copper, silver, and gold acted as semipermeable membranes when 
compressed into discs containing very fine pores. The limits 
of the pore diameters between which osmosis can take place are 
not definitely known but they undoubtedly vary from sub- 
stance to substance. Bartell found the upper limit to be around 
0.9 micron with unglazed porcelain clogged with various mate- 
rials. This is, of course, much too large to represent the dimen- 
sions of molecular interstices which Traube believed to be 
essential for semipermeability in membranes. 

The Adsorption Theory.—The osmotic phenomena observed 
with a distinctly porous non-soluble membrane such as a clogged 
porous plate, is doubtless the result of negative adsorption as 
suggested by Mathieu® and Nathansohn* and emphasized by 
Tinker® and Bancroft.® If a solid adsorbent takes up relatively 
more of a solvent than of the dissolved substance, we have nega- 
tive adsorption and the solution becomes more concentrated. 

1J. Am. Chem. Soc., 29, 1576, 1675 (1907); 31, 1194 (1909); BramLow and 
Rosrnson: J. Phys. Chem., 22, 99, 153 (1918). 

2 J. Phys. Chem., 15, 659 (1911); 16, 318 (1912); J. Am. Chem. Soc., 36, 
646 (1914); 38, 1029, 1036 (1916). 

3 Ann. Physik, [4] 9, 340 (1902). 

4 Jahrber. wiss. Botanik., 40, 431 (1904). 

’ Proc. Roy. Soc. (London) 92 A, 357 (1916); 93 A, 266 (1917). 

6 J. Phys. Chem., 21, 441 (1917). 
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Mathieu observed this phenomenon with a number of solutions 
using porous plates, membranes, or capillary tubes as adsorbents. 
With normal solutions, the concentration in certain capillary 
tubes was found to be as low as one-tenth normal. The differ- 
ence in concentration increases with decreasing radius of the 
capillary tubes and Mathieu concludes that with sufficiently 
fine capillaries, water alone would be adsorbed. The importance 
of this for the theory of semipermeable membranes was recog- 
nized especially by Bancroft. 


If this conclusion is true and general, it accounts for the results of 
Bigelow and of Bartell, who found that osmotic phenomena appeared in 
porous cups when the pores were sufficiently fine or were clogged suffi- 
ciently. It is clear that we can get osmotic phenomena in two distinct 
ways, depending on whether we have a continuous film or a porous one. 
In the case of a continuous film, it is essential that the solvent shall 
dissolve in the membrane and that the solute shall not. Since the 
permeability is not dependent on adsorption, there is no reason why 
there should be any fundamental difference between the adsorption of a 
solute which does pass through the membrane and of one which does not 
pass through. 

With a porous film we shall get osmotic phenomena only when the 
negative adsorption is so marked that the pore walls adsorb practically 
pure solvent and when the diameters of the pores are so small that the 
adsorbed film of pure solvent fills the pores full. There is, therefore, an 
important difference between a solute which does pass through a mem- 
brane having very fine pores and one which does not pass through, in 
that the first is adsorbed by the membrane and the second is not. 


Since a gelatinous precipitate consists of myriads of particles 
enmeshed into a network which entrains liquid,' it is probable 
that copper ferrocyanide membranes are porous in the sense that 
a fine porous plate is porous and are semipermeable, therefore, 
because of strong negative adsorption. Tinker examined these 
artificial membranes microscopically and arrived at the conclu- 
sion that they are granular in character? with particles having 
diameters between 100 and 1000uy. It is probable that the 
primary particles are much smaller than this and that what he 
was measuring was the diameter of secondary particles from 
partial agglomeration. In any event, it is difficult to see how 


1Cf. Wetspr: “The Hydrous Oxides,” 13 (1926). 
2 Cf., also, GurcHot: J. Phys. Chem., 30, 99 (1926). 
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even an approximate estimate of particle size could be arrived 
at from his published photographs. The important thing is 
that, independent of Mathieu, Nathansohn, or Bancroft, he 
concluded that negative adsorption in such a porous system is 
the primary cause of the semipermeability. In support of this 
view, he demonstrated that cane sugar which ordinarily does not 
diffuse through a copper ferrocyanide membrane is adsorbed 
negatively by the salt. Ten-gram samples of finely divided 
copper ferrocyanide were shaken with sugar solutions of various 
strengths and the change in concentration determined polari- 
metrically. From this, the amount of water adsorbed was 
calculated. The results with four samples dried in different 
ways and to different degrees are given in Table XL and shown 
graphically in Fig. 25. Correction was made for any water 


TaBLeE XL.—ApsorPTion OF WATER FROM SUGAR SOLUTIONS BY 
Cu2FE(CN). 


Water adsorbed by 100 grams of dry CusFe(CN)s 


Approximate 


strength of 3 

cane-sugar 1 2 ase he ee 4 
solutions, Dried com- Dried over H2S0O4 aes ‘aaa Not dried, 10 
per cent pletely in steam | 10 grams contain | {7 eh grams contain 


A 10 grams contain | - 
oven 0.689 gram H2O 1699 pramna EEO 3.14 grams H2O0 


5 ke Seen 27.0 

10 18.2 23.9 22.8 24.5 
20 15.0 Sees 22.5 20.1 
40 13.4 18.0 22.2 20.0 
60 13.2 14.7 20.8 14.0 


present in the adsorbent before immersing in the solution. It 
will be seen that sample 3, which has been dried in air, adsorbs 
the most water and sample 1, which was completely dehydrated 
in a hot oven, adsorbs the least water. Complete dehydration is 
evidently accompanied by partial coalescence with consequent 
decrease in specific surface. 

Tinker believes that the completely dried ferrocyanide first 
hydrates to CuzFe(CN)s.:3H.O which continues to adsorb 
water. Since the amount of water in the compound appears to 
be determined entirely by the conditions of drying, it is probable 
that no definite hydrate exists. In any event, one may be pretty 
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certain that the gel is not a hydrous hydrate. It is known that 
alumina forms a definite trihydrate under certain conditions but 
alumina gel is a hydrous oxide and not hydrous trihydrate. So 
far as the theory of the semipermeable membrane is concerned, 
it is, of course, immaterial whether the salt is a hydrate or not. 

Hartung! criticizes the view that semipermeability is the result 
of negative adsorption on the ground that potassium sulfate is 
adsorbed more strongly by copper ferrocyanide than potassium 
chloride and yet the chloride diffuses more readily than the sul- 


Grams H2O Adsorbed by 100 Grams of CugFe (CN), 


Grams Cane Sugar in 100 Grams of H20 
Fia. 25.—Adsorption of water from sugar solutions by copper ferrocyanide. 


fate. Ina later section? it will be shown that a membrane may 
be impermeable to an ion if the adsorption of the ion is almost 
irreversible and the resulting adsorption complex shows strong 
negative adsorption. 


REVERSIBLE PERMEABILITY OF MEMBRANES 


A porous membrane is semipermeable when it shows such 
strong negative adsorption that the pore walls adsorb practically 
pure solvent and when the diameters of the pores are so small 


1 Trans. Faraday Soc., 15, (8) 160 (1920). 
2 See p. 283. 
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that the adsorbed film completely fills them. The last specifica~ 
tion is as important as the first; for if the adsorbed film does not 
completely fill the pores, the membrane will allow the solute to 
pass through the intervening capillaries. Since a copper ferro- 
cyanide membrane in water is a negative colloidal film analogous 
to a sol, it follows that the presence of any solute contiguous to 
the membrane which causes it to undergo partial agglomeration, 
will increase its permeability. This is apparently what happens 
in a number of cases cited by Bancroft and Gurchot.' Thus 
Walden? found that tenth-normal solutions of thirty organic 
acids such as formic, acetic, propionic, butyric, valerianic, citric, 
and caproic, pass through copper ferrocyanide membranes 
whereas the sodium salts of the acids do not. It seems very 
unlikely that the difference in the behavior of acids and their 
sodium salts is due to solubility of the acids in the ferrocyanide 
membrane. It is much more probable that the negatively 
charged particles of the ferrocyanide membrane are agglomer- 
ated, to a certain extent, by hydrogen ion rendering the mem- 
brane permeable. This is indicated by the following experiment: 
A copper ferrocyanide membrane supported by a thin layer of 
gelatin was formed in a glass tube 38 centimeters in diameter. 
When properly prepared, such membranes allowed no sugar to 
diffuse in at least 16 hours. On the inside of the tubes was 
placed a solution of sugar and acetic acid; and on the outside, a 
solution of blue litmus. After approximately 2 hours the litmus 
turned red and the outside solution was examined for sugar by 
Fehling’s test. None was found when 0.2 per cent acetic acid 
was used, a mere trace with 0.5 per cent acid, and a moderate 
amount with 1.5 per cent acid. It is obvious that a suitable 
concentration of acid, either by its agglomerating action or in 
some other way, rendered the membrane sufficiently porous to 
allow sugar to pass through. The permeability of the membranes 
was not restored on washing to remove the excess acid. 

Barlow® found that alcohol likewise makes a copper ferrocya- 
nide membrane permeable to sugar. Since sugar is insoluble in 
aleohol, this permeability cannot be due to increased solubility 

1 J. Phys. Chem., 28, 1279 (1924); 30, 83 (1926). 

2 Z. prakt. Chem., 10, 705 (1892). 

3 Phil. Mag., [6] 10, 1 (1905); 11, 595 (1906). 
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of sugar in the membrane. Similarly, Czapek! observed the 
exosmosis of tannin from cells of Hchiveria which were exposed 
to the action of various alcohols. The critical concentration for 
methyl alcohol was about 15 per cent; for ethyl, 10 to 11 per cent; 
for propyl, 4 to 5 per cent; for butyl, 1 to 2 per cent; and for amyl 
0.5 per cent. Since the above solutions possess a surface tension 
about 68 per cent that for pure water, Czapek suggested that the 
surface tension lowering was responsible for the exosmosis. 
Since tannin is in colloidal solution, it is more likely that the 
exosmosis was due to partial coagulation of the cell membrane 
by the alcohols. In support of this view, Gurchot showed by 
means of a series of experiments similar to the one with acetic 
acid that copper ferrocyanide membranes are rendered permeable 
to sugar by suitable concentrations of the several alcohols.” 
Since a sol of copper ferrocyanide is precipitated by alcohol, 
it is reasonable to suppose that the dilute alcohol solutions in 
contact with the membranes cause partial agglomeration, giving 
pores so large that the film of adsorbed water does not fill them 
completely and so allows sugar to pass. Salts such as sodium 
chloride and calcium chloride likewise render the membranes 
permeable to sugar. The critical concentration was about 2 
per cent for sodium chloride and below 1 per cent for calcium 
chloride which contains the more strongly adsorbed divalent ion. 
Below the critical concentration of the salts the latter will dissolve 
in the adsorbed water layer and will pass through the mem- 
brane by osmosis without coagulating it. But when the salt 
concentration is sufficiently high to neutralize the negative charge 
on the ferrocyanide below a critical value, partial agglomeration 
gives pores through which both the salts and sugar can pass by 
diffusion. When a dilute solution of copper sulfate was placed 
on one side of a membrane and of potassium ferrocyanide on the 
other side, the membrane did not become permeable to sugar in 
the presence of alcohol or salts, the membrane-forming reagents 
preventing the formation of effective pores. This observation 
suggested that a membrane rendered permeable to sugar by 
alcohols could be made impermeable once more by the addition 
of a suitable peptizing agent. Gurchot claims to have accom- 


1 Ber. deut. botan. Ges., 28, 159 (1910). 
2 Cf., also, Sen: Quart. J. Indian Chem. Soc., 2, 289 (1925). 
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plished this reversal by the use of copper sulfate. It was assumed 
that copper ion was the peptizing ion from analogy with the 
behavior of the silver halides; but since copper ferrocyanide is 
usually negative it is quite as likely that sulfate ion was the 
effective one. The observations of Hartung, to which reference was 
made earlier, indicate a relatively strong adsorption of sulfate 
by copper ferrocyanide. 

While the permeability of a membrane will be increased by 
partial agglomeration and be restored by repeptization, it seems 
to me that such a mechanism need not be invoked in all cases to 
account for change in permeability. The degree of semiperme- 
ability in a given porous film is determined by the extent of the 
negative adsorption and the size of the pores. If the negative 
adsorption is not sufficiently marked or if the pores are too large, 
the latter will not be filled completely with the adsorbed film and 
so will be more or less permeable. Now it is altogether probable 
that the extent of the negative adsorption will be influenced by 
the magnitude and sign of the charge on the colloidal particles 
and the nature of any adsorbed ions. If this be true, it follows 
that the presence of electrolytes will influence the amount of 
the negative adsorption and so will change the permeability 
altogether apart from any agglomeration or peptization. The 
important thing, in any case, is that a membrane such as copper 
ferrocyanide is a dynamic system which varies in permeability 
with the nature of the surrounding medium and which is capable 
of reversible permeability under suitable conditions. Since it is 
fairly well established that the cell is surrounded by a semiper- 
meable membrane comparable in certain respects to copper ferro- 
cyanide, this concept enables one to account for a number of 
apparently contradictory facts in connection with the perme- 
ability of living cells. 

The composition of the cell wall is not known nor is it known 
what makes it semipermeable let alone how the permeability is 
altered. There can be no doubt, however, that the cell, in pur- 
suing its metabolic functions, does change its permeability in 
some way. Overton assumes that living cells are surrounded by 
a lipoid film. This in itself would account for a great many 
of the permeability phenomena but such a film would not let 
water through and it is known that water does get through. 
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Moreover, a great many acid dyes which are insoluble in lipoids 
penetrate certain cells readily. More striking still is the fact 
that the cells are normally impermeable to fruit sugar, cane sugar 
and other carbohydrates, the amino acids, the acid amides, and 
many other substances which are foodstuffs for the cells and must 
get into the cells from the outside. It is this condition which 
leads Hébert to remark: “What the cell can use it shuts out, 
and what it cannot use it lets in.” 

The only way to account for these apparently contradictory 
facts is to assume that the cell may be permeable to a given 
substance under certain conditions and impermeable under others. 
Collander? contends that protoplasm probably acts as an ultra- 
filter toward substances which are not soluble in lipoids; but in 
doing so he has neglected to distinguish clearly between a 
semipermeable membrane and an ultrafilter* and has failed to take 
into account the important fact that cells are both permeable 
and impermeable to the same substance. Moreover, Collander 
reasons from analogy with the behavior of copper ferrocyanide 
membranes with the membrane-forming reagents on either 
side. He thus takes it for granted that cells always have the 
membrane-forming reagents on either side of them. This 
assumption is probably erroneous; in any event, it goes well 
beyond our present knowledge. Gurchot? says: 


On the other hand, coagulation of the membrane and a reversal of 
the same explain a great many things, even though the structural 
character of the membrane is still a puzzle. The objection to Overton’s 
lipoid theory was that water-soluble substances like sugar could not 
penetrate a lipoid membrane. If, however, we assume the presence of a 
granular lipoid membrane analogous to copper ferrocyanide, in other 
words with each solid fat particle, or group of particles, surrounded with 
an adsorbed film of water supported in a separate pellicle, which is known 
to be present, we have essentially the same sort of thing as the copper 
ferrocyanide membrane and there seems to be no reason why, should 
such a membrane exist actually, it should not exhibit coagulation 
changes when necessary and allow, for example, sugar to enter the cell 

1“ Physikalische Chemie der Zelle und Gewebe,” 5th ed. Part I, 503 
(1922). 

2 Kolloidchem. Beihefte, 19, 72 (1924); 20, 273 (1925). 

3 See p. 274. 

4 J. Phys. Chem., 30, 103 (1926). 
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at one time and not at another. We have still to account, however, 
for the entrance of lipoid solvents through such a membrane. This is 
not at all a hopeless endeavor. Mention was made above of a film of 
adsorbed water surrounding the lipoid particles. It need not be that 
necessarily. The film could be a solution possessing properties analo- 
gous to a pyridine solution. In other words, it might dissolve substances 
other than and in addition to lipoid solvents. In this way the lipoid 
particles would be available as carriers for substances like ether and 
chloroform. Such a membrane would have the advantage of manifest- 
ing osmotic pressure, unlike an emulsion, and also to exhibit permeability 
changes in localized areas of the cell surface. It must be understood 
that only a very generalized picture of the cell membrane is attempted. 
Undoubtedly, membranes must differ with the functions of the particular 
organs of which they form a part. It may be objected that a substance 
like pyridine which may dissolve lipoid solvents may also dissolve the 
lipoid portion of the membrane and so destroy it. This need not follow 
at all. Pyridine itself is soluble in rubber, but it has been used with 
rubber membranes successfully by Kahlenberg without the rubber 
being damaged, even in boiling pyridine. On the other hand, if the 
idea of a discontinuous membrane, that is, a fine-grained one, with 
adsorbed water around the particles is not an attractive one we can 
postulate the existance of a continuous lipoid film of some sort which 
acts ordinarily as a semipermeable membrane, allowing only such things 
to go through which dissolve in it. A change in the surface tension 
of the surrounding medium might coagulate such a membrane into 
solid or semisolid drops and allow water-soluble substances to pass 
through. Such a membrane could be reversed by changing the sur- 
face tension of the surrounding medium, perhaps, in addition to the 
extraction of the coagulating agent from between the particles by the 
presence of a suitable solvent or reagent. The coagulating agent 
might be a water-soluble soap resulting from the reaction between 
sodium chloride and some fatty compound. This soap would reduce 
the surface tension of the solid film and pores would be formed be- 
tween the solid drops in the membrane. The presence of calcium 
chloride would form a water-insoluble, inert, calcium soap which would 
dissolve in the membrane and subsequently would be decomposed by 
the cell after an increase in the surface tension of the external medium 
reversed the membrane and made it once more continuous. Clowes 
was not far away from such an explanation but he insisted that the 
cell must be an emulsion.! 


1 See p. 808 of this volume. 


PERMEABILITY OF MEMBRANES 273 


ULTRAFILTRATION 


A filter is a porous diaphragm by means of which solid particles 
in suspension may be separated from liquids. The pores in an 
ordinary filter are too coarse to remove colloidal particles but a 
filter may be made with pores sufficiently fine to screen out 
colloidal matter. Such a filtering medium is called an ultrafilter. 
The first systematic investigations on ultrafiltration were carried 
out by Bechhold! who employed strong filter paper that was 
impregnated either with gelatin hardened by formaldehyde or 
with collodion treated with acetic acid. The size of the pores in 
the filtering films were varied by using impregnating solutions 
of different concentrations. 

It is possible to prepare an ultrafilter with pores sufficiently 
fine to retain suspended particles of most sols. Mixtures of 
two sols with particles of different sizes can be separated by a suit- 
able ultrafilter provided neither colloidal substance adsorbs the 
other. Thus, Bechhold separated the muddy green mixture of 
colloidal Prussian blue and haemoglobin into its constituents, the 
finely divided red haemoglobin going through and the coarser 
Prussian blue remaining on the filter. The addition of sodium 
“lysalbinate,’”’ a protective colloid, to Prussian blue peptizes the 
latter so that it will pass through a filter which just stopped it 
before. If either colloidal ferric oxide or arsenic trisulfide is 
mixed with Prussian blue, adsorption takes place and everything 
is retained by the filter. The ultrafilter may be employed to 


TsaBLE XLI.—OrRpDeER oF PARTICLE SIZE IN SOLS FROM ULTRAFILTRATION 
EXPERIMENTS (BECHHOLD) 


Coarse suspensions 1 per cent gelatin 
Prussian blue 1 per cent haemoglobin 
Platinum sols (Bredig) Serum albumin 
Hydrous ferric oxide Diphtheria toxin 
Casein Protalbumoses 
Arsenic trisulfide Hydrous silica 
Gold (about 40upz) Lysalbinic acid 
Bismuth oxide (Paal) Duteroalbumoses 
Lysargin (Paal’s silver) Litmus 

Collargol (Silver, about 20pp) Dextrin 

Gold Crystalloids 


1Z. physik. Chem., 60, 257 (1907); cf., also, Matrirano: Compt. rend., 
139, 1221 (1904). 
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separate certain of the decomposition products of the proteids. 
Thus by a suitable filter, protalbumoses are separated from 
duteroalbumoses, the latter going into the filtrate. In Table 
XLI is given a list of substances arranged by Bechhold in decreas- 
ing order of particle size as determined by ultrafiltration experi- 
ments. Since it is well known that sols of the same substance 
can be made with particles of widely different sizes, it follows 
that the order given in the table holds only for the particular 
preparations with which Bechhold worked. 

Distinction between an Ultrafilter and a Semipermeable 
Membrane.—The question naturally arises as to what is the 
difference, if any, between an ultrafilter and a semipermeable 
membrane. We have seen that a semipermeable membrane is a 
continuous film in which the solvent will dissolve but not the 
solute, or a finely porous membrane exhibiting such marked 
negative adsorption that the pore walls are covered with a film 
of pure solvent which completely fills the pores. Accordingly, a 
semipermeable membrane acts like a solvent and not like a sieve, 
irrespective of whether it is a continuous film like rubber or a 
porous one like a clogged porous plate or copper ferrocyanide. 
An ultrafilter, on the other hand, is merely a filter or a sieve 
with fine pores. The essential difference between a porous 
semipermeable membrane and an ultrafilter is that the latter 
shows no negative adsorption at all or so little negative adsorption 
that it does not prevent the membrane from acting like a sieve. 
Fortunately, Bechhold used in his ultrafiltration experiments a 
material which exhibited so little negative adsorption that it did 
not change to a semipermeable membrane at any pore diameter 
employed.! 

The recognition of a fundamental distinction between a semi- 
permeable membrane and an ultrafilter enabled Bancroft? to set 
down a definite criterion for distinguishing a true solution from a 
colloidal solution. As a rule, this distinction can be made by 
applying the Gibbs’ criterion for the presence or absence of a 
second phase. According to Gibbs, an apparent phase is not a 
one-phase system unless the properties are definitely defined when 
the temperature, pressure, and concentration are fixed. By 

1 See, however, p. 276. 

2 J. Phys. Chem., 29, 966 (1925). 
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applying this test, it may be shown readily that most colloidal 
solutions are two-phase systems. The difficulty comes with 
solutions of such substances as tannin and soaps which appear to 
satisfy Gibbs’ criterion for a one-phase system when, in reality, 
they are two-phase systems. A similar situation is encountered 
with a mixture of two gases which in the last analysis is neither 
physically nor chemically homogeneous but which is a one-phase 
system, nevertheless. To take care of these cases, Bancroft 
assumes that any gas or vapor will pass through any pore through 
which any other gas or vapor will pass; in other words, that there 
is no such thing as a molecular sieve for gases, vapors, or liquids. 
If this unproved but reasonable assumption is granted, it leads 
directly to the conclusion that any substance which can be 
filtered out by an ultrafilter as defined above, is in colloidal solu- 
tion. This criterion puts soap! and tannin in the list of colloidal 
solutions where they belong and will undoubtedly take care of 
highly dispersed solutions of such substances as molybdenum 
trioxide and molybdenum blue.? It should be pointed out, 
however, that any apparent solution which will pass through the 
finest ultrafilter that can be prepared in the laboratory, is not 
necessarily in true solution. 

Before any distinction was made between a semipermeable 
membrane and an ultrafilter, people claimed that the failure to 
pass an ultrafilter did not serve to distinguish between a true and 
colloidal solution since sugar does not pass a copper ferrocyanide 
membrane and everybody recognizes that sugar is in true solution. 
This exception disappears since we now know that the mechanism 
of the action of an ultrafilter such as collodion is fundamentally 
different from the action of a semipermeable membrane such as 
copper ferrocyanide. Such cases as the impermeability of copper 
ferrocyanide membrane to ferrocyanide ion will be considered in 
the section on Donnan’s theory of membrane equilibria. 

While collodion membranes are usually permeable to dissolved 
substances, Michaelis* claims to get what he calls molecular- 

1 McBain and Jmenxtns: J. Chem. Soc., 121, 2325 (1922). 

2 Cf. Weiser: “‘The Hydrous Oxides,” 285 (1926). 

3 Colloid Symposium Monograph, 5, 135 (1927); J. Gen. Physiol., 8, 33 
(1925); Micuanuis and Peruzweta: Ibid., 10,575 (1927); Micuan.is and 


Fusta: Biochem. Z., 141, 47 (1925); Micnantis, ELtsworrnH, and WEEcu: 
J. Gen. Physiol., 10, 671 (1927). 
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sieve membranes by evaporating practically all of the organic 
solvent in which the collodion is dispersed instead of evaporating 
a part of the liquid and then immersing in water. 


The diffusion of such a simple electrolyte as potassium chloride across 
a dried collodion membrane into pure water goes on with an extreme 
slowness which is surprising even compared with the diffusion of a non- 
electrolyte of comparable molecular size. With good membranes no 
traces of the electrolyte can be detected in the water even after days. 
The diffusion of potassium chloride is much accelerated if a solution of 
sodium nitrate is placed outside the membrane instead of pure water. 
At least the diffusion of potassium proceeds with a reasonable speed, 
whereas the diffusion of the chlorine is extremely slow, even in this case. 
This observation leads to the conclusion that the diffusibility of the 
cation is much greater than that of the anion, so that a reasonable speed 
of diffusion can take place only when the cation can be exchanged for 
another cation migrating in the opposite direction. 


In classifying dried collodion as a molecular-sieve membrane, 
Michaelis is merely putting the very fine-pored collodion in the 
same category as copper ferrocyanide which he believes to be a 
molecular-sieve membrane. It seems fairly obvious, however, 
that the dried collodion is not acting like a sieve toward a potas- 
sium chloride solution any more than copper ferrocyanide acts 
like a sieve toward a sugar solution. For if the collodion is a 
molecular sieve it is difficult to account for its permeability to a 
non-electrolyte similar in molecular size to potassium chloride. 
Moreover, a sieve which allows potassium ion to pass would 
hardly prevent the passage of chloride ion which is almost 
identical in size. It is much more likely that collodion exhibits 
some negative adsorption for chloride ion just as sugar is adsorbed 
negatively by copper ferrocyanide. In the first case, the negative 
adsorption is insufficient to prevent free diffusion through the 
pores of ordinary collodion but is enough to inhibit or prevent 
diffusion through the much smaller pores of dried collodion. 
In other words, a collodion membrane is usually an ultrafilter 
but it may become a semipermeable membrane for certain 
substances if the pores are sufficiently fine. In accord with this 
view, Grollman! showed that the sieve-like action of ordinary 

1J. Gen. Physiol., 9, 813 (1926). 
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collodion membranes is influenced by a layer of adsorbed liquid 
on the pore walls. 

In view of the tendency of water to flow through a copper 
ferrocyanide membrane to dilute a sugar solution, it is clear that 
no liquid water can be filtered through it from a sugar solution 
unless the hydrostatic pressure of the latter is greater than the 
osmotic pressure. Furthermore, water will evaporate through 
such a membrane only in case the partial pressure of the water 
vapor in equilibrium with the solution is greater than the partial 
pressure of the water vapor outside. An interesting example of 
this, recalled by Bancroft,! is the behavior of certain molasses 
puncheons stored for more than 2 years in a damp cellar in 
London. Not only did no liquid water come out of them but in 
many instances water vapor passed into them until the casks 
burst from the resulting pressure.” 

Since it is advantageous in practice as well as in theory to 
avoid identifying semipermeable membranes with ultrafilters, 
the choice of material for an ultrafilter must be limited to sub- 
stances which show little or no selective adsorption for the solvent. 
Collodion serves as a fairly satisfactory ultrafilter for aqueous sols 
although, as already noted, the sieve-like action is affected by a 
variable layer of adsorbed fluid on the walls of the pores.* 
Manning? prepared nickel membranes by electroplating a film on 
bronze or nickel gauze. Such membranes have the advantage 
of being usable at high temperatures and with solvents that will 
attack the usual membranes. Manning’s finest membranes 
contained pores 50 to 80upy in diameter. They were used to 
ultrafilter such colloids as silver in stearic acid, arsenic trisulfide, 
hydrous ferric oxide, cellulose acetate in acetone-water, sodium 
stearate in water, casein, etc. Gelatin from a | per cent solution 
was filtered out almost completely at 16° but at 45° the more 
highly dispersed sol passed through the pores. Cellophane 
furnishes a ready-made ultrafilter material which we have found 
invaluable in laboratory work in colloid chemistry. 


1J. Phys. Chem., 18, 67 (1914). 

2 Fprauson: J. Chem. Soc., 6, 122 (1854). 

3 GROLLMAN: J. Gen. Physiol., 9, 813 (1926). 
4 J. Chem. Soc., 129, 1127 (1926). 
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Ultrafiltration apparatus has been described for use in ana- 
lytical chemistry,! for micro-ultrafiltration,? and for filtration at 
low pressures? and at very high pressures. Hele-Shaw® describes 
a modified form of the ultrafilter: A number of sheets of thin 
paper impervious to the liquid to be filtered are embossed on the . 
surface so as to make channels, put into a pile, and punched with 
vertical holes. When put under pressure the liquid to be filtered 
goes down through the holes and comes out between the sheets. 
At sufficiently high pressure, the distance between the sheets can 
be made small enough for the sheets to act as an ultrafilter. 
Attempts to use this filter for commercial ultrafiltration have 
not been successful in this country.® 


DIALYSIS 


Dialyzing membranes, first used by Graham, are porous 
diaphragms which act like a sieve, allowing the passage of 
substances in true solution but holding back colloidal particles. 
An ultrafilter is thus a special form of the dialysis membrane. 

The dialyzing apparatus described by Graham consists 
essentially of a wide cylindrical tube closed with parchment 
paper which is filled with the sol to be dialyzed and immersed in a 
larger vessel containing the dialysate, distilled water in the 
case of hydrosols. The diffusible material in the sol passes 
through the membrane into the water which is changed at 
intervals. Graham employed parchment paper as the dialytic 
septum but gold beaters skin,’ fish bladder,’ collodion,? and 
cellophane may be used to greater advantage in certain cases. 
The dialysis is more rapid and thorough when the surface of the 


1 ZstiamMonpdy and BacHMANN: Z. anorg. Chem., 103, 119 (1918); Zsta- 
MONDY and JANDHR: Z. anal. Chem., 58, 241 (1919); JANDER and SruutL- 
MANN: I[bid., 60, 289 (1921). 

2 THressen: Biochem. Z., 140, 457 (1923). 

’ZsigMONnby: Z. angew. Chem., 26, 447 (1913); ScHonp: Bull. soc. chim. 
Belg., 24, 354 (1910); Kollotd-Z., 8, 80 (1911). 

4BrcuHoLp and GuTLOHN: Z. angew. Chem., 37, 494 (1924); BRuNKER 
and Overseck: Kolloid-Z. (Zsigmondy Festschrift) 36, 198 (1925). 

5 Proc. Roy. Soc. (London) 103 A, 556 (1928). 

6 Cf. Bancrorr: “Applied Colloid Chemistry,’ 223 (1926). 

1Zorrt: Wied. Ann., 27, 229 (1886). 

®Bancrort: “Applied Colloid Chemistry,” 223 (1926). 

9ZstaMonpy and Heyer: Z. anorg. Chem., 68, 169 (1910). 
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diaphragm is as large as possible compared to the volume of the 
sol. This has led to the use of parchment tubes and parchment 
or collodion thimbles of varying sizes depending on the amount of 
sol to be dialyzed. It is common practice to fold sheets of 
parchment or cellophane into a bag which will give a large amount 
of dialyzing surface for a given capacity.! 

Since the speed of dialysis is greater the larger the difference in 
concentration of the diffusible material on the two sides of the 
septum, it is advantageous to change the dialysate continuously. 
Provision is made for this in the so-called “star dialyzer”’ 
described by Zsigmondy and Heyer.? The apparatus consists of 
a round plate of ebonite with a hole in the middle from which ribs 
spread out radially to an edge which runs around the plate. 
Upon this edge fits an ebonite ring to which the collodion mem- 
brane is attached, the dish thus formed resting upon the radial 
ribs between the edge of the plate and the ring. The sol is 
contained in the dish, the membrane bottom of which is bathed 
by the external liquid which streams continuously through the 
middle hole and passes out through openings in the edge. A 
simpler apparatus for continuous dialysis is described by Neidle.* 
It is essentially a bag of parchment paper or cellophane partially 
filled with water and suspended in a beaker containing the sol 
to be dialyzed. Distilled water is run at a fairly constant rate 
into the bag which is maintained a little more than half full by 
means of an automatic siphon. If the sol is stable when heated, 
the rate of dialysis may be increased enormously by raising the 
temperature. Thus, a purer chromic oxide sol was obtained by 
10 hours’ dialysis in a Neidle apparatus at the boiling point than 
resulted from 73 days’ dialysis in the cold. 

Unfortunately, many sols cannot be dialyzed in the hot; but 
the rate of dialysis may be augmented by moving the liquid, the 
membrane, or both. Thus Thoms® places the liquid to be 
dialyzed and the external liquid in hemispherical glass vessels 
pressed together at ground edges between which the membrane 


1Cf, Eruacu and Pau: Kolloid-Z., 34, 213 (1924). 

2 Z. anorg. Chem., 68, 169 (1910). 

3 J. Am. Chem. Soc., 38, 1270 (1916). 

4 NeIp_e and Baras: J. Am. Chem. Soc., 39, 71 (1917). 
5 Ber., 50, 1235 (1917); 51, 42 (1918). 
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lies. The entire apparatus is turned either about an axis lying 
in the plane of the membrane or about one at right angles to it. 
What appears to be the most rapid device for dialysis in the cold 
is described by Gutbier, Huber, and Schieber. In their appara- 


Amount Dialyzed, Per Cent 


0 4 8 12 
Time, Hours 


Fie. 26.—Rate of dialysis of 0.1 normal hydrochloric acid (unbroken curves) 
and of 0.1 normal sodium carbonate (dotted curves) with different types of 
dialyzers. 


tus the membrane is placed around a cylindrical glass framework 

inside of which is a glass stirrer. The sol or solution to be 

dialyzed is placed inside the cell which is within but supported 

free from the vessel containing the dialyzing liquid. During 

dialysis the stirrer and parchment are rotated in opposite direc- 
1 Ber., 65 B, 1518 (1923); Chem. Ztg., 47, 109 (1923). 
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tions while the solvent liquid is changed continuously, entering 
at the bottom of the container and flowing out through a siphon 
at the top. Some comparative results with this apparatus and 
other dialyzers are shown graphically in Fig. 26. The percentage 
of the material dialyzed out is plotted against the time. The 
solutions in the cell in successive tests are 0.1 normal hydrochloric 
acid and 0.1 normal sodium carbonate. The 5 liters of water 
constituting the outer liquid of the Graham dialyzer (@) was 
changed every 3 hours. In the star dialyzer (Z) the water was 
allowed to run at the rate of 6 liters per hour. The rapid dialyzer 
contained 2.5 liters of water, and 6 liters per hour was flowed 
through without stirring (FR) or with stirring (R,). The advan- 
tage of stirring both the dialyzing solution and the dialysate is 
evidenced by these observations.! 

Since ultrafiltration and dialysis are related processes, it is not 
surprising to find an apparatus described which combines both 
operations.2, A more common type of apparatus for purifying 
sols combines dialysis with electrolysis and electroendosmose. 
In the so-called electro-dialyzers* the sol is contained in the inner 
compartment of a three-compartment vessel enclosed between 
diaphragm walls which prevent the passage of the colloidal 
particles. Electrodes are placed in the water contained in the 
two outer compartments and a suitable potential applied. 
Electrolytes are forced through the pores by electro-osmosis 
and the ions are forced through by electrolysis. If necessary, 
water is allowed to flow at the proper rate into the sol and also 
the electrode compartments. Since diaphragms which assume a 
negative charge hinder the passage of anions and those which 
assume a positive charge that of the cations, it is advisable, if 
practicable, to use two different kinds of diaphragm, negative at 
the cathode side and positive at the anode side. 


1Cf., also, Asrruc and Canats: J. pharm. chim., [8] 2, 14 (1925). 

2 WEGELIN: Kolloid-Z., 18, 225 (1916). 

3 Morse and Pierce: Z. physik. Chem., 45, 589 (1903); Rupprp: Ber. 
deutsch pharm. Ges., 30, 314 (1920); Fosrmr and Scumipr: J. Biol. Chem., 56, 
545 (1923); Horrman and Gortner: Jbid., 65, 371 (1925); Marrson: J. 
Agr. Research, 38, 553 (1926); Dupre: Bull. soc. chim. biol., 8, 144 (1926); 
Erriscu and Breck: Biochem. Z., 171, 443, 454 (1926). 

4Cf., however, REINER: Kolloid-Z., 40, 123 (1926). 
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DONNAN’S THEORY OF MEMBRANE EQUILIBRIA 


Donnan’s theory of membrane equilibria deals with the equi- 
libria resulting when a membrane separates two electrolytes 
containing one ion which cannot diffuse through the membrane. 
If one starts with two completely ionized electrolytes, NaCl and 
NaR, separated by a membrane impermeable to the ion R, 
Donnan showed that equilibrium will be established only when 
the product of the concentration of sodium and chloride ions has 
the same value on both sides of the membrane, thus 


[Na]: X [Cl’]: = [Na']2 X [Cl’]e 


where [Na‘]; and [Cl’]; are the molar concentrations of sodium 
and chloride ions on one side of the membrane and [Na’‘], and 
[Cl’]2 the corresponding concentrations on the opposite side of 
the membrane. When equilibrium is reached, if the concentra- 
tions in one solution are xNa and «Cl and in the other (y + z)Na, 
yCl, and zk, the equation of products becomes 


Co Uy 2) 
It is obvious that x must be greater than y so long as z has a 
finite value, hence the concentration of chloride ion in the first 
solution must be greater than in the second, while the concentra- 
tion of sodium ion must be greater in the second, than in the first. 
This gives rise to a potential difference HZ across the membrane 
which is represented by the equation 


ay 
K= 
log [ 


F 
in which # is the gas constant, T the absolute temperature, and 
F the faraday. 

The accuracy of these deductions has been established by 
investigations on a number of systems, for example, (1) with 
solutions of potassium chloride and lithium chloride using 
a layer of amyl alcohol as a membrane; (2) with solutions 
of potassium and sodium chloride and potassium and sodium 
ferrocyanide, respectively, using a copper ferrocyanide mem- 
brane;* and (3) with solutions of Congo red and sodium chloride 

1 DonnaAN and Harris: J. Chem. Soc., 99, 1554 (1911). 


> Donnan and ALLMAND: J. Chem. Soc., 105, 1941 (1914); Donnan and 
GaRNER: [bid., 115, 1313 (1919); Kammyama: Phil. Mag., 50, 849 (1925). 
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using a parchment membrane.' It is of interest to inquire into 
the nature of the action of the membrane in each instance. In 
the first case, the amyl alcohol acts as a non-porous semipermea- 
ble membrane in which the lithium chloride dissolves and passes 
through while the potassium chloride does not. In the second 
case, the ferrocyanide ion does not pass through the ferrocyanide 
membrane; but the reason is not obvious. If Bancroft is right 
in his contention that there is no such thing as a molecular sieve 
for substances in true solution, then the ferrocyanide membrane 
cannot be functioning as an ultrafilter or dialyzing membrane 
which screens out the ferrocyanide ion. As has been pointed 
out, the semipermeability of the ferrocyanide membrane toward 
a sugar solution is the result of strong negative adsorption of 
sugar. At the outset this appeared inadequate to account for the 
alleged impermeability to ferrocyanide ion which is adsorbed 
sufficiently strongly by copper ferrocyanide to peptize the gel as a 
stable negative sol. Donnan’s observations suggest two possibili- 
ties: First, the strong positive adsorption of ferrocyanide ion may 
account for its failure to pass the membrane, equilibrium being 
established between the potassium and chloride ions in the sys- 
tem before sufficient amount of the larger ferrocyanide ions have 
diffused into the negatively charged gel to exceed the adsorption 
capacity of the gel. In line with this view, it was found that 
ferrocyanide passed through the membrane when the salt con- 
centration was above 0.5 normal even though osmotic equilib- 
rium was maintained by the addition of a suitable amount of 
sugar to the solution on the opposite side of the septum. This 
suggests the second possibility, that the alleged impermeability 
of the membrane to ferrocyanide ion does not exist, even with 
relatively dilute solutions. As this volume goes to press it has 
been found that neither of the above possibilities is correct. 
No ferrocyanide ion diffused through a certain ferrocyanide 
membrane into an isotonic sugar solution when the concentra- 
tion was below 1.0 normal and slightly alkaline water only, was 
forced through a copper ferrocyanide ultrafilter from dilute 
solutions of potassium ferrocyanide. The explanation of this 
behavior is that copper ferrocyanide gel always contains adsorbed 
alkali ferrocyanide (Chap. XVI) which is retained so tenaceously 
1 DonnaAN and Harris: J. Chem. Soc., 99, 1554 (1911). 
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that the adsorption from moderately concentrated solutions 
may be regarded as almost irreversible. It is, therefore, strong 
negative adsorption by the adsorption complex which prevents 
the passage of both sugar and ferrocyanide ion through the 
membrane. As ordinarily prepared, one side at least of a copper 
ferrocyanide membrane is practically saturated with potassium 
ferrocyanide so that the positive adsorption is negligible from 
dilute solutions of the salt. The permeability of the membrane 
to relatively high concentrations of ferrocyanide ion is due to 
two facts: (1) the adsorption of ferrocyanide ion is not com- 
pletely irreversible from strong solutions of potassium ferro- 
cyanide and (2) the colloidal film is partially coagulated by the 
salt, opening up cracks at weak points in the membrane. The 
permeability of the membrane for a series of ions is in the order: 
chloride > sulfate > ferrocyanide, which is the reverse of the 
order of adsorption by the gel. 

In the third case, the parchment functions as a typical 
dialyzing membrane, the concentration, osmotic, and electrical 
effects being due to the inability of the large Congo red ion or 
ionic micelle of the so-called colloidal electrolyte to diffuse through 
the pores. 

As Donnan! has emphasized, the theory of membrane equilibria 
depends on but two assumptions: the existence of equilibrium 
and the existence of certain restraints which restrict the free 
diffusion of one or more of the ionized constituents. This theory 
has been used successfully by Procter and Wilson? and Loeb? to 
calculate the swelling of acids, such as gelatin in hydrochloric 
acid, on the assumption that gelatin is an elastic jelly insoluble in, 
but permeable to, water which forms a definite highly ionized 
salt, gelatin hydrochloride, in accord with the following equation: 


G+ H + Cl’ GH + Cl’ 


Now, the GH’ ion, being a part of the elastic jelly, cannot diffuse. 
This constraint results in a Donnan equilibrium by imposing a 
restraint on the equal distribution of ions within and without 

1Chem. Reviews, 1, 87 (1924). 

*Procrer: J. Chem, Soc., 105, 313 (1914); Kolloidchem. Beihefte, 2, 248 
(1911); Procrrr and Wixson: J. Chem. Soc., 109, 307 (1916); Winson and 
Wiuson: J. Am. Chem. Soc., 40, 886 (1918). 

’“ Proteins and the Theory of Colloidal Behavior’ (1922). 
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the jelly. By applying the Donnan equilibrium and Hookes’ 
law, values were calculated for the swelling of gelatin in different 
concentrations of acid, in good agreement with the observed 
values. This agreement was believed to furnish conclusive proof 
that gelatin and hydrochloric acid interact to form a definite 
salt, gelatin hydrochloride. In reaching this conclusion, the 
important fact has been overlooked that prediction of results by 
means of a formula does not furnish conclusive proof of the 
assumption on which the formula is based. In the case under 
consideration, one can get exactly the same constraint, namely, 
inability of a charged particle to diffuse freely, and therefore 
exactly the same formulas and make exactly the same predictions 
by making the more probable assumption that hydrogen ion is 
preferentially adsorbed on the surface of gelatin particles rather 
than entering into definite chemical combination with the 
particles.? 
1Cf. WetseR: ‘The Hydrous Oxides,’ 21 (1926). 


CHAPTER XVIII 
IONIC ANTAGONISM IN COLLOID SYSTEMS 


The antagonistic action of ions was first pointed out by Ringer’ 
who recognized the profound importance of suitable mixtures of 
electrolytes in promoting the life and growth of cells. Since 
biologists frequently compare the wall of the living cell to a 
membrane of copper ferrocyanide, and since certain salt pairs 
act antagonistically on the stability of copper ferrocyanide sols, 
it seems fitting to discuss the general subject of ionic antagonism 
in colloid systems in connection with the colloidal ferrocyanides. 


Ionic ANTAGONISM IN THE NEUTRALIZATION OF SOLS BY SINGLE 
ELECTROLYTES 


In the precipitation by electrolytes of sols stabilized by prefer- 
ential adsorption of ions, it is usually considered that only anions 
count in the case of positive sols and only cations count in the 
case of negative sols. In earlier chapters it has been emphasized 
that the influence of the ions having the same charge as the sol, 
the stabilizing ion, cannot be disregarded entirely in any case, 
and may be quite marked if the electrolyte precipitates only in 
high concentration. The precipitation value of electrolytes for 
sols should be defined, therefore, as that concentration which 
results in sufficient adsorption of the precipitating ion to neutral- 
ize below a critical value the combined adsorption of the original 
stabilizing ion and the stabilizing ion added with the precipitat- 
ing solution. There is, thus, an antagonistic action between the 
oppositely charged ions of a precipitating electrolyte in the sense 
that the greater the adsorption of the stabilizing ion the greater 
must be the adsorption of the precipitating ion to reduce the 
charge below the critical value. Hence, the precipitation value 
of an electrolyte with a strongly adsorbed stabilizing ion is 
necessarily higher than that of an electrolyte with a weakly 

1 J. Physiol. 8, 380 (1880-82); 4, 29, 222 (1882-83); 7, 118, 291 (1886). 
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adsorbed stabilizing ion. This is illustrated by the data sum- 
marized in Table XLII. 


TaBLE XLII.—ANTAGONISTIC ACTION BETWEEN OpposITELY CHARGED 
Ions IN THE NEUTRALIZATION OF SOLS 


: ~ Arsenic Copper 
Bie te als trisulfide ferrocyanide 

Precipitation values of potas- | Chloride 33.2 35.6 
sium salts Sulfate 43.5 47.5 
Ferrocyanide TAL 260.0 

Positive sols Ferric oxide | Chromic oxide 
Precipitation values of chlor- | Potassium 9.0 30.0 
ides Barium 9.65 31.8 

Hydrogen 400.0 


Just as the precipitating power of an electrolyte decreases with 
increasing adsorbability of the antagonistic stabilizing ion, so 
the precipitating power of electrolytes with the same stabilizing 
ion increases with increasing adsorbability of the precipitating 
ion. This is illustrated in Table XLIII! which gives the precipi- 
tation value of barium chloride and of various alkali chlorides 
for arsenic trisulfide, together with the adsorption of barium 


TaBLeE XLIII 


Electrolyte added to 100 cubic centi- Milli- Precipitation 
meters sol, total volume, 200 cubic equiva- value, milliequiv- 
centimeters Gram lent alents per liter 
per gram 


30 cubic centimeters N/50 BaCly....| 0.0109 0.058 BaCl, 2.74 
30 cubic centimeters N /50 BaCl, + 
30 cubic centimeters N/2 LiCl....| 0.0037 0.019 LiCl 88.7 
30 cubic centimeters N/50 BaCl, + 
30 cubic centimeters N/2 NaCl...| 0.0025 0.014 NaCl 73.5 
30 cubic centimeters N/50 BaCl. + 
30 cubic centimeters N/2 KCl....| 0.0018 | 0.009 KCl 6387 
30 cubic centimeters N/50 BaCl, + 
30 cubic centimeters N/2 HCl....| 0.0013 0.007 HCl 52.5 


a es ee i eee 


1 Weiser: J. Phys. Chem., 29, 955 (1925). 
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during the precipitation of the sol with barium chloride alone 
and when mixed with constant amount of the several alkali 
chlorides. From the observations it will be noted that univalent 
ions cut down the adsorption of barium in the order: lithium < 
sodium < potassium < hydrogen. Since, under otherwise con- 
stant conditions, one should expect the adsorption of a given 
cation to be cut down by the presence of a second cation in 
proportion to the adsorbability of the latter, it follows that the 
order of adsorbability of the univalent ions is: hydrogen > 
potassium > sodium > lithium. This is exactly the same as the 
order deduced from the precipitation values of the salts, assuming 
that the salt containing the most readily adsorbed cation precipi- 
tates in lowest concentration. 

It should be pointed out in passing that the results recorded 
in Table XLIII furnish almost conclusive proof that the uni- 
valent cations are adsorbed less strongly! than bivalent barium. 
For example, the adsorption of barium is cut down but very 
little by the presence of an equivalent amount of lithium; and 
twenty-five times the concentration of lithium cuts it down but 
two-thirds of the value in the absence of lithium. 


onic ANTAGONISM IN THE NEUTRALIZATION OF SOLS 
BY MIXTURES 


Thirty years ago Linder and Picton? observed that the precipi- 
tating action of mixtures of two electrolytes for arsenic trisulfide 
sol is approximately additive provided the precipitating power of 
each is of the same order of magnitude, whereas the precipitating 
action may rise appreciably above an additive relationship if 
the electrolytes vary widely in their precipitating power. Thus 
the precipitating action of mixtures of SrCl, and BaCl, are nearly 
additive, whereas the addition of potassium chloride increases 
rather than decreases the precipitation concentration of strontium 
chloride. This cannot be attributed to a decrease in the dissocia- 
tion of strontium chloride by potassium chloride because other 
potassium salts, such as the nitrate, give similar results. Since 
this so-called ionic antagonism was not observed with gold sol 


1Cf., however, Duar, Sen and Guosn: J. Phys. Chem., 28, 457 (1924). 
2.J. Chem. Soc., 67, 67 (1895). 


IONIC ANTAGONISM IN COLLOID SYSTEMS 289 


and with von Weimarn’s' sulfur sol, but was observed with Odén’s® 
sulfur sol which is hydrous, Freundlich and Scholz* conclude that 
the hydration of the sol and of the precipitating ion are of 
primary importance in producing ionic antagonism and so in 
determining whether the precipitating action of mixtures shall 
be additive or above the additive value. This leads to the 
deduction that arsenic trisulfide sol is a hydrophile sol although 
it is not usually so considered; and to the suggestion that the 
behavior of colloids with mixtures is a suitable means of deter- 
mining to what extent the stability is influenced by hydration. 
The general accuracy of these conclusions is rendered question- 
able by some observations on the precipitation of chromic oxide 
sol* by mixtures of electrolytes having widely different precipi- 
tating power, such as potassium chloride and potassium sulfate. 
Although the sol is very highly hydrous the precipitation values 
of mixtures are less than additive by a quite appreciable amount 
instead of being considerably above the additive values as the 
theory of Freundlich and Scholz would predict. One may be 
quite certain, therefore, that hydration is not the only factor in 
bringing about the phenomenon of ionic antagonism and may be 
a relatively unimportant one in certain cases. 

As a result of an investigation of this anomalous behavior, in 
1921,° it was concluded that, in the simultaneous adsorption by 
solids from mixtures of two electrolytes having no ion in common, 
the most readily adsorbed cation and anion are taken up most 
and the other pair least readily; while from mixtures having one 
ion in common, the oppositely charged ions are each adsorbed 
less than if the other were absent but the most readily adsorbed 
ion is displaced the least. From this, there would appear to be 
two factors which influence the precipitating action of mixtures of 
electrolytes: (1) the antagonistic effect of each precipitating ion 
on the adsorption of the other and (2) the stabilizing influence 
of the ions having the same charge as the sol. 


1 Von Weimarn and Matyscunw: Kolloid-Z., 8, 216 (1911). 

2“T)er kolloide Schwefel”’ (1913). 

8 Kolloidchem. Beihefte, 16, 267 (1922); cf., also, Neuscuiosz: Pfluger’s 
Arch., 181, 17 (1920). 

4WouisErR: J. Phys. Chem., 28, 232 (1924). 

5 WuisER: J, Phys, Chem., 25, 665 (1921). 
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As an illustration of the antagonistic action of salts of varying 
precipitating power, the observations with mixtures of LiCl and 
BaCl, on arsenic trisulfide sol are given in Table XLIV.! It will 
be seen that the presence of alkali chloride increases appreciably 
the precipitation concentration of barium chloride. In Table 
XLV is given the effect of the presence of lithium on the adsorp- 
tion of barium during the precipitation of arsenic trisulfide sol. 
Experiment 1 gives the adsorption of Ba” ion at the precipitation 


TaBLE XLIV.—PRECcIPITATION OF COLLOIDAL AsoS3; WITH MIXTURES OF 
LiCi anp BaCtz 


N/100 BaCl, to complete coagulation 


N/2 LiCl taken, Taken: Caleulated. Difference 
cubic centimeters ; : 
cubic cubic E 
centimeters | centimeters Cubic Par enn 
centimeters 

4.05 

she.) 4.03 

Qv5 4.50 3.54 0.96 27 

W@) 4.25 3.03 12s 38 

24 AY) 3.76 2.08 leaices 84 

3.0 2.20 Oe 22 118 


concentration of BaCl,; experiments 2, 3, and 4 give (a) the 
adsorption of Ba‘ ion from BaCl, alone at the concentration 
necessary to cause precipitation from the mixture with LiCl, and 
(b) the adsorption of Ba’ ion in the presence of Li‘ ion. Atten- 
tion should be called to the fact that the concentration of LiCl 
and BaCl, used in experiments 2, 3, and 4 correspond to those 
for 0.5, 1.0, and 2.0 cubic centimeters of LiCl, respectively, in 
Table XLIV. 

From these observations it is obvious that concentrations of 
lithium below the precipitation value have a marked influence 
on the adsorption of barium, Thus, at the precipitation concen- 
trations of a mixture containing one-eighth the precipitation value 

1 Weiser: J. Phys. Chem., 28, 232 (1924); cf., also, Bourartc and Prr- 


REAU: Compt. rend., 180, 1337 (1925); Bourartc and Manrbre: Jbid., 180, 
1841 (1925). 
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of LiCl alone, the adsorption of Ba” ion is lowered more than 25 
per cent; while from a mixture containing one-half the precipi- 
tation value of LiCl alone, the adsorption of Ba” ion is decreased 
53 per cent. At the same time the presence of Ba’ ion unques- 
tionably influences the adsorption of Li‘ ion so that the concentra- 


TaBpLe XLYV.—ApDSoRPTION By ARSENIC TRISULFIDE OF BARIUM IN THE 
PRESENCE OF LITHIUM 


Mixtures added to 125 cubic | BaSO, remaining Barium adsorbed 
centimeters of colloid contain- in 200 cubic 
ing 2.84 grams As2S3 centimeters rans Grams per 
mol AsoSs 
N /2 LiCl N/100 H;0 Average 
BaCl, 
) 50.80 74.20 | 0.0288 | 0.0284 | 0.0140 i Wile! 
0 50.80 74.20 | 0.0280 
0 56.25 68.75 | 0.0316 | 0.0319 | 0.0151 1.310 
0 | 56.25 68.75 | 0.0322 
Sace 56.25 62.50 | 0.0371 | 0.0873 | 0.0112 0.971 
6.25 56.25 62.50 | 0.0375 
0 5S 710 71.90 | 0.03804 | 0.0302 | 0.0143 VW PRO) 
0 53.10 71.90 | 0.03801 
1Zeo0 53.10 59.40 | 0.0363 | 0.03865 | 0.0097 0.841 
12.50 53.10 59.40 | 0.0368 
0 47.00! | 73.00 | 0.0259 | 0.0260 | 0.0132 1.145 
0 47 .00 73.00 | 0.0260 
25.00 47 .00! 48.00 | 0.0358 | 0.03857 | 0.0600 0.520 
25.00 | 47.00 48.00 | 0.0855 


1 +5 cubic centimeters MgCle. 


tion necessary for sufficient adsorption to decrease the charge 
on the particles below the critical value is proportionately 
greater for each salt in the presence of the other. This mutual 
ionic antagonism would appear to be an important factor in 
raising the precipitation concentration of certain mixtures above 
the additive value. 
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Associated with the cationic antagonism is the antagonistic 
action of chloride, the adsorption of which cannot be ignored 
at the relatively high concentration of LiCl employed. In most 
cases, Dhar and his collaborators! rule out the influence of cationic 
antagonism in increasing the precipitation value of certain salt 
pairs above the additive value, and attribute the effect entirely 
to the stabilizing action of the anions, chloride ion in the case at 
hand. Some further observations bear on this point: 

In Table XLIII, it was pointed out that the same concentration 
of different alkali chlorides cuts down the adsorption of barium 
ion to widely different degrees. It seemed probable, therefore, 
that the precipitation value of barium chloride would vary in 
the presence of approximately the same concentration of chloride 


Taste XLVI.—PrecipiraTion oF As2S; with MrxtTuREs 
(Precipitation values in milliequivalent per liter) 


a b c 
| |. 
LiCl BaCl, NaCl | BaCl, KCl | BaCl 
0.0 1.60 0.0 1-60 | | 0.0 1.60 
1255 2.02 12.5 1.93 2 1.88 
25.0 2.18 25.0 1.98 25.0 1.92 
43.7 2.13 43.7 1.82 43.7 1.62 
62.5 1.78 62.5 1.30 62.5 1.05 
81.2 1:23 95.0 0.00 83.0 0.00 
111.2 0.00 
d e if 
HCl BaCl, | KCl NaCl | KG CeCl; 
0.0 1.60 0.0 95.0 0.0 0.388 
12.5 1.98 25.0 64.0 12.5 0.230 
25.0 1.93 50.0 35.0 25.0 0.162 
37.5 1.65 83.0 0.0 37.5 0.132 
50.0 1.00 eke ae 50.0 0.105 
61.5 0.00 Vee is 62.5 0.067 
83.0 0.000 


‘J. Phys. Chem., 28, 313, 457, 1029 (1924); 29, 435, 517, 659 (1925); 
Kolloid-Z., 34, 262 (1924); 36, 129 (1925); Z. anorg. Chem., 142, 345 (1925); 
See, also, MUKHERJEE and Guosu: Quart. J. Indian Chem. Soc., 1, 213 (1924). 
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ion but with different alkali cations. That such is the case is 
shown clearly by observations recorded in a, b, c, and d, Table 
XLVI, and shown graphically in Fig. 27.1 

It will be noted that the precipitation value of barium chloride 
is increased by like amounts of alkali chlorides in the order: 
LiCl > NaCl > KCl; while in the presence of HCl, the precipita- 
tion value of barium salt first rises to a point just below that in 
the presence of a like amount of lithium chloride and then drops 


2.0 


ari 
o 
Milliequivalents per Liter of KCl 


Milliequivalents per Liter of CeCk and BaCl, 


b S S 0 
0 20 40 60 80 100 120 
Milliequivalents per Liter of HCl and Alkali Chlorides 


Fic. 27.—Coagulation of arsenic trisulfide sol by mixtures of electrolytes, 


off rather sharply. Since the adsorbability of the alkalies is in 
the order K > Na > Ii, it may be reasoned that the stabilizing 
action of chloride ion will be greater in the presence of lithium ion 
than of potassium ion, thus accounting for the higher precipitation 
values of barium chloride in the presence of lithium chloride than 
of potassium chloride. This would not account for the behavior 
of mixtures of hydrochloric acid and barium chloride, for, at 
certain concentrations of chloride, the precipitation value in the 
presence of the relatively strongly adsorbed hydrogen ion is 
1 WetsErR: J. Phys. Chem., 30, 20 (1926). 
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similar to that in the presence of lithium ion and greater than 
that in the presence of either sodium or potassium ion. 

Another explanation suggests itself: For a given alkali chloride 
concentration, precipitation will take place when the combined 
adsorption of the two cations neutralizes the combined adsorption 
of chloride and hydrosulfide ions. The combined adsorption will 
be equivalent for different pairs of cations; but the relative 
amounts of each that make up this equivalent adsorption will 
vary, depending, as it does, on the relative adsorbability of the 
two cations. If one may disregard for the moment the slight 
variation in the amounts of chloride added with barium chloride 
as compared with the relatively large amount of this ion added 
with the alkali chloride, it follows that, for a given concentration 
of different alkali chlorides, the varying amounts of barium that 
must be added will depend on the effect of each cation on the 
adsorption of the other. Thus the adsorption of barium is cut 
down by lithium ion less than by potassium ion, tending to make 
the precipitation concentration of barium chloride less in the 
presence of lithium chloride than of potassium chloride. Hand 
in hand with this is the decrease by barium of the adsorption of 
alkali which will tend to make the precipitation concentration 
of barium chloride higher in the presence of lithium. From 
this point of view, the latter factor appears to predominate with 
the alkali chlorides. With hydrochloric acid, however, the 
cutting down of the adsorption of barium by hydrogen ion is the 
determining factor with lower concentration of hydrochloric 
acid while with higher concentration of acid, the second factor 
appears to predominate. 

Another method of attack is to determine whether the presence 
of a relatively small amount of potassium chloride, say, increases 
the precipitation value for arsenic trisulfide sol, of chlorides 
other than barium chloride. From the results recorded in e and 
f, Table XLVI, and shown graphically in Fig. 27, it is clear that 
the addition of potassium chloride does not increase the stability 
of arsenic trisulfide sol toward all other chlorides. Thus the 
relationship is approximately additive with sodium chloride, 
whereas the precipitation value of cerium chloride is decreased 
unmistakably by the presence of potassium chloride. It hardly 
seems probable that the latter result would obtain if potassium 
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chloride in small concentration actually stabilized the sol in the 
same way that a highly purified ferric oxide sol is stabilized by 
the addition of a small amount of hydrogen ion or ferrocyanide 
sols by a small amount of ferrocyanide. In the absence of 
marked ionic antagonism between ions of the same sign, one 
might expect the precipitation values of mixtures to fall below 
the additive value on account of the relatively greater adsorba- 
bility of the precipitating ions at low concentration. This was 
actually observed in a number of instances with hydrous oxide 
sols.! To account for the difference in the results with barium 
chloride and cerium chloride, one should expect to find the adsorp- 
tion of barium cut down much more strongly than cerium by the 
presence of proportionate amounts of potassium chloride. That 
such is the case is shown by the results recorded in Table XLVII 
on the adsorption of barium and of cerium, respectively, in the 


Taste XLVII 


Errect or Porassium Ion on THE ApsorPTION oF BaArtum ION AND 
Cerium Ion 


Solutions mixed with 100 N/200 CeCls Ce adsorbed, 
cubic centimeters sol. Total remaining, millequivalent 
volume, 200 cubic centimeters | cubic centimeters per gram 


N/200 CeCl; N/2 KCl 
20 0 5.4 0.073 
20 5 9.0 0.058 
N/50 BaCl, N/2 KCl BaSO, remaining in | Ba adsorbed, milli- 
180 cubic centimeters} equivalent per gram 
30 ) 0.0537 0.064 
30 30 0.0615 0.010 


presence of fifty times the concentration of potassium chloride. 
It will be noted that, under similar conditions, the adsorption 
of cerium is cut down less than 25 per cent, while the adsorption 
of barium is cut down almost 85 per cent. 

Finally, the presence of potassium chloride does not raise the 
precipitation concentration of sodium chloride above the additive 
value as would be expected if the sol were stabilized appreciably 
by preferential adsorption of chloride ion. The precipitation | 
value, of such mixtures having a common anion are additive 

1 Weiser: J. Phys. Chem., 28, 232 (1924). 
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since the adsorptions of the precipitating cations are similar and 
so the adsorption of each is affected but slightly by the presence 
of the other within the limits of the precipitation concentration. 
On the other hand, with mixtures having precipitating cations 
in common and different anions, one should expect variations 


III IV 


Ita, 28.—Photographs of light cones in the ultramicroscope of an arsenic 
trisulfide sol (I) without sodium chloride (II, III, and IV) with 10, 25, and 50 


“9, a 


milliequivalents of sodium chloride per liter, respectively. 


from additive values in proportion to the difference in adsorba- 
bility of the anions. Thus, the precipitation concentrations for 
mixtures of potassium and sodium ferrocyanide were found 
to be additive whereas the critical concentrations for mixtures 
of potassium chloride and ferrocyanide rise slightly above the 
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additive values! because of the greater adsorbability of ferro- 
cyanide ion than of chloride ion. 

That the stabilizing action of adsorbed chloride ion may not 
be the most important factor in increasing the precipitation 
value of mixtures above the additive relationship is further 
indicated by the agglomerating action of relatively low concen- 
trations of alkali chloride. An arsenic trisulfide sol was pre- 
pared according to the method of Freundlich and Nathansohn.? 
This sol, when viewed in the ultramicroscope, gives a light cone 
but is practically free from ultramicrons. The addition of small 
amounts of NaCl causes some agglomeration of the particles, as 
evidenced by the appearance of ultramicrons on standing. This 
phenomenon was investigated carefully in the following way: 
A quantity of the sol was prepared and filtered through an 
ultrafilter which removed any ultramicrons that might be present. 
The preparation gave a clear uniform light cone. Samples of 
10 cubic centimeters each of the sol were taken and diluted to 
20 cubic centimeters with ultrafiltered water to which was added 
0, 0.2, 0.5, and 0.7 cubic centimeter respectively, of ultrafiltered 
normal sodium chloride. Special care was taken in the cleaning 
of all apparatus with ultrafiltered water and in protecting the 
samples from dust. After standing for 2 hours, the samples were 
placed in the Biltz cell of a Zeiss slit ultramicroscope supplied 
with a camera, and the light cone photographed. The time of 
exposure was 2 minutes. A comparison of the photographs 
obtained (Fig. 28) indicates agglomeration of particles in the 
presence of relatively small amounts of sodium chloride, as 
evidenced by the gradually increasing intensity of the light cone 
in going from sample 1 containing no sodium chloride to sample 
4 containing 0.7 cubic centimeter of the normal salt. 

For the sake of comparison, the precipitation value curve of 
mixtures of barium chloride and sodium chloride for the sol is 
given in Fig. 29. The ultramicroscopic observations referred 
to above were made on the pure sol and on samples containing 
10, 25, and 35 milliequivalents of sodium chloride per liter, 
respectively. In this region the precipitation value of barium 
chloride is increased appreciably by the presence of sodium 

1Cf. Sen: J. Phys. Chem., 29, 517 (1925). 

2 Kolloid-Z., 28, 258 (1921). 
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chloride although the agglomeration of the particles by the latter 
is clearly indicative of a decrease in the stability of the sol. ' It 
would seem, therefore, that in this case, cationic antagonism 
rather than the stabilizing action of the anion is the important 
factor in bringing about the variation from an additive 
relationship. 

Ionie antagonism such as that between alkali and alkaline 
earth cations in the precipitation of arsenic trisulfide sol has been 


15 


i=) 
ao 


Milliequivalents per Liter of BaClo 


0 


& 
0 20 40 60 80 100 
Milliequivalents per Liter of NaCl 


I’'ra. 29.—Coagulation of arsenic trisulfide sol by mixtures of sodium chloride and 
barium chloride. 


recognized recently by other investigators. Thus, Mann! finds 
that NH,Cl, MgCl:, and AICl; cut down the adsorption of 
methylene blue and neutral red by dises of mangold root, the 
magnitude of the reduction being a function of the valency and 
concentration of the cation. The adsorption of both dye and 
salt attain equilibrium at a lower point than would be reached 
by either in the absence of the other, indicating mutual hindrance. 
As already pointed out, Dhar and his collaborators have ignored 
1 Ann. Bot., 38, 753 (1924). 
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or opposed the concept of antagonism between ions of the same 
charge but they are not consistent and it is difficult to know what 
position they will take in a given case. For example, in a 
recent paper! they say: 


As is known, crystal violet and strychnine hydrocnloride cations are 
more strongly adsorbed by arsenic trisulfide than barium and aluminum 
ions. On this account, the presence of the dye cations cuts down the 
adsorption of K’, Ba” and Al’ ions and therefore more than the calculated 
amount of KCl, BaCl., and Al(NOs); is required for the precipitation of 
the sol. On the other hand, in precipitating arsenic trisulfide sol with 
mixtures of strychnine chloride and crystal violet, the values are practi- 
cally additive since the cations of both substances are about equally 
adsorbed and, at the precipitation concentration, there is no antagon- 
istic effect on the adsorption. 


Although, in certain cases, the antagonistic action between 
precipitating ions may be an important factor in determining 
the precipitation values of salt pairs; in other instances the effect 
of stabilizing ions may predominate. Thus, Sen? working with 
copper ferrocyanide sol, observed an increase in precipitation 
value of potassium chloride and of barium chloride in the presence 
of potassium ferrocyanide. With mixtures of potassium chloride 
and potassium ferrocyanide, it is quite obvious that cationic 
antagonism cannot come in, since both precipitating cations are 
the same. Mukherjee and Ghosh* observed a similar behavior 
with mixtures of sodium benzoate and sodium chloride on arsenic 
trisulfide sol and the author has already called attention to 
observations with potassium ferrocyanide and potassium chloride 
on the same sol. The determining factor in the latter cases is 
the stabilizing action of the relatively strongly adsorbed benzoate 
and ferrocyanide, respectively. 

Consider the case of Graham’s ferric oxide sol, which owes its 
stability to preferential adsorption of hydrogen ion derived from 
hydrolysis of ferric chloride. It is too well known to need 
comment, that the stability of the sol falls off as the hydrogen ion 
concentration is decreased by dialysis and if the dialysis is 
continued long enough, all of the sol will precipitate. Conversely, 

1GuosH, BHaTTacHaryA, and Duar: Kolloid-Z., 38, 145 (1926). 


2J. Phys. Chem. 29, 534 (1925). 
3 Quart. J. Indian Chem. Soc., 1, 213 (1924). 
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if we add hydrochloric acid to a highly purified sol, the stability 
toward all electrolytes will increase. Similar stabilization would 
be expected on adding ferric chloride, aluminum chloride, or 
lanthanum nitrate, as Freundlich and Wosnessensky! have shown. 
With the relatively insoluble Péan de St. Gilles sol, a maximum 
in the stability is reached on adding hydrochloric acid; and at a 
suitable concentration, the adsorption of the precipitating 
chloride ion neutralizes the adsorption of hydrogen ion and 
precipitation takes place.” Similarly, colloidal copper ferro- 
cyanide and Prussian blue are stabilized by preferential adsorp- 
tion of ferrocyanide ion. The lower the concentration of the 
ferrocyanide ion the less the stability. On adding potassium 
ferrocyanide to a highly purified ferrocyanide sol, the stability 
toward all electrolytes should be increased until the concentra- 
tion is high enough for the adsorption of the precipitating potas- 
slum ion to decrease the stability of the sol below the critical 
value. This is exactly what Sen observed with two electrolytes 
of widely varying precipitating power. The precipitation value 
of both potassium chloride and barium chloride is increased to 
a maximum that les above the value for either electrolyte alone. * 

A survey of the data obtained by Sen indicates that the form 
of the precipitation value curve of salt pairs for negative colloidal 
copper ferrocyanide sol depends on whether cationic antagonism 
may come in or whether it is eliminated by using salt pairs with 
a common cation. Thus when precipitation concentration of 
potassium ferrocyanide as abscissa is plotted against that of 
potassium chloride as ordinate, the curve rises sharply to a 
maximum, bends sharply, and then follows an almost straight 
course to the precipitation value of pure potassium ferrocyanide. 
On the other hand, with concentrations of barium chloride as 
ordinate, the curve rises gradually to abroad maximum, dropping 
sharply when near the precipitation value of pure potassium 
ferrocyanide. The difference between these curves obtained 
with the ferrocyanide sol, and between either of them and 
curves obtained with arsenic trisulfide sol called for further 


1 Kolloid-Z., 33, 222 (1923). 

2 Wowiser: J. Phys. Chem., 25, 665 (1921). 

3Smn: J. Phys. Chem., 29, 517, 5389 (1925); Smn and Mernrotra: Z. 
anorg. Chem., 142, 345 (1925). 
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investigation. Accordingly, a highly purified copper ferrocya- 
nide sol was prepared and the precipitation concentration of 
salt pairs was determined taking special precautions to obtain 
accurate values. The results with mixtures of potassium ferro- 
eyanide and both potassium chloride and barium chloride are 
given in Table XLVIII and shown graphically in Fig. 30.4 


Taste XLVIII.—Preciprration or CoLiowaL Cu2Fn(CN). By Mixtures 
(Precipitation values in milliequivalents per liter) 


Ky,Fe(CN).¢ | BaCl; K.Fe(CN). KCl 
0.0 1.58 0.0 23.8 
12.5 1.90 12.5 157.5 
25.0 2.00 25.0 155.0 
50.0 2.10 50.0 140.0 

100.0 2.00 100.0 112.5 
150.0 1.60 150.0 82.5 
262.5 0.00 262.5 0.0 


It will be seen that the addition of potassium ferrocyanide 
causes the precipitation value of potassium chloride to mount 
sharply to a value more than six times that of pure chloride. 
This indicates that the purity of the original sol with respect to 
ferrocyanide ion is quite high. After the maximum is reached, 
the curve bends sharply and then follows an almost linear course, 
as Sen also observed. This means that if one takes an impure 
copper ferrocyanide sol, the precipitation values of mixtures of 
potassium ferrocyanide and chloride will be approximately 
additive on account of the absence of cationic antagonism. 
A similar type of curve should result with mixtures of barium 
ferrocyanide and barium chloride. This was found to be true 
so far as the linear part of the curve is concerned; but the sharp 
maximum could not be detected with certainty since the precipi- 
tation concentrations of the chloride and ferrocyanide of barium 
were so close together. 

On turning to the potassium ferrocyanide-barium chloride 
curve, contrary to Sen’s observations, one is impressed with the 
very great similarity to the curves obtained with alkali-alkaline 
earth salt pairs on arsenic trisulfide sol. Since in the latter 

1 Weiser: J. Phys. Chem., 30, 1531 (1926). 
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case both cationic antagonism and the stabilizing action of the 
anion play a role, it is possible that the difference between the 
potassium ferrocyanide-barium chloride curve and the potassium 
ferrocyanide-potassium chloride curve with copper ferrocyanide 
sol, is due to the absence of cationic antagonism in the first 
instance and its presence in the second. 

It should be emphasized, however, that the initial increase in 
precipitation value of BaCl, in the presence of potassium ferro- 


-KyFe(CN)g 


a 


KCI-KyFe(CN), 
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Fia. 30.—Coagulation of copper ferrocyanide by mixtures of electrolytes. 


cyanide is due primarily to the effect of ferrocyanide ion. Thus, 
the precipitation values of mixtures of potassium chloride and 
barium chloride fall slightly below the additive value at the lower 
concentrations of potassium chloride, but at higher concentrations 
of potassium chloride the values are slightly greater than additive. 
The same is true for mixtures of potassium chloride and cupric 
chloride and of potassium chloride and cupric sulfate.1 For 


1Cf., however, Gurcuor: J, Phys. Chem., 30, 98 (1926). 
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arsenic trisulfide sol the antagonism between potassium and 
barium ferrocyanide is greater than between the corresponding 
chlorides and a similar condition doubtless exists with copper 
ferrocyanide sols. 

As a result of these observations, it is evident that the precipita- 
tion values for sols of mixtures of two electrolytes may be addi- 
tive, may be greater than the additive values, or may be less 
than the additive values. Moreover, it would seem that three 
factors, at least, may influence the precipitation concentration 
of salt pairs: (1) The effect of each precipitating ion on the adsorp- 
tion of the other, (2) the stabilizing action of ions having the same 
charge as the sol, and (3) the relatively greater adsorbability of 
ions at lower concentrations. The antagonistic action between 
precipitating ions of the same charge is important in raising the 
critical concentrations above the additive value only in case the 
ions show marked differences in adsorbability. Variation from 
the additive relationship with mixtures of salt pairs having a 
common precipitating ion results only when there is an appreci- 
able difference in the adsorbability of the stabilizing ions, the 
magnitude of the variation from an additive relationship being 
determined by the differences in adsorbability. If the first and 
second factors referred to above are not too pronounced, the 
precipitation values of mixtures may fall below the additive 
value on account of the relatively greater adsorbability of precipi- 
tating ions at low concentration. 

Since the addition of alkali chloride to arsenic trisulfide sol and 
of alkali ferrocyanide to copper ferrocyanide sol increases the 
precipitation value of BaCls, the question arises whether the sols 
coagulated by BaCl, alone will be repeptized by the addition of 
alkali salt. The answer is that it will be provided the alkali salt 
exerts an appreciable peptizing action. When a sol like Freund- 
lich and Nathansohn’s arsenic trisulfide is treated with barium 
chloride the very minute primary colloidal particles coalesce 
into larger primary ultramicrons which finally agglomerate into 
secondary particles and these, in turn, into clumps. If potassium 
chloride is added to such a coagulum, a sol is not reformed on 
account of the relatively low peptizing action of chloride ion. 
On the other hand, the addition of potassium ferrocyanide to a 
copper ferrocyanide coagulum reverses the coagulation on 
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account of the marked peptizing action of the anion on copper 
ferrocyanide gel. 

Mixtures of certain electrolytes act antagonistically on a 
lecithin sol, as shown by Neuschlosz.! Instead of determining 
precipitation concentrations, he followed the effect of electrolytes 
on surface tension change which is unquestionably connected 
with coagulation. Because of the hydrophilic nature of the 
negatively charged sol, the method probably serves to detect 


*Relative Surface Tension 
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Fra. 31.—Surface tension of lecithin sol in solutions of single electrolytes. 


smaller changes than a method based on visible flocculation. In 
Fig. 31 is given the effect of varying concentrations of the chlo- 
rides of sodium, calcium, and aluminum on the relative surface 
tension as determined by the stalagmometer. The pure 1 
per cent lecithin sol has a smaller surface tension than pure water. 
Upon adding gradually increasing amounts of electrolyte, the 
surface tension first increases to a maximum and then decreases. 
Neuschlosz attributes the initial increase to coagulation of the 
lecithin particles to coarser aggregates which diminish the 
surface tension less than the finer particles of the pure sol. This 
is strongly indicated by the fact that the maximum is reached at 


1 Pfluger’s Archiv., 181, 17 (1920); 187, 136 (1921); Kolloid-Z., 27, 292 
(1920). 
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a higher concentration for univalent sodium ion than for bivalent 
calcium ion and for the latter at a higher concentration than for 
trivalent aluminum ion, in accord with Schulze’s rule. The 
decrease in surface tension at the higher concentrations of 
electrolytes is attributed to repeptization of the particles as a 
positive sol. In line with this, the right-hand portion of the 
curve for aluminum chloride which gives the strongly adsorbed 
aluminum ion lies below the calcium chloride curve and the 
latter in turn below the sodium chloride curve. 


28 


1 NaCl+0.1 KCl 


Relative Surface Tension 
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Fic. 32.—Surface tension of lecithin sol in solutions of mixtures of electrolytes. 


Suitable mixtures of electrolytes having a common anion and 
different cations produce a negligible change in the surface 
tension, in contrast to the effect of single electrolytes. This is 
illustrated for mixtures of sodium and calcium chloride, as shown 
in Fig. 32. In this case the relative surface tensions for mixtures 
of 1NaCl + 449 CaCle remain almost constant throughout the 
entire range of concentration between !49 molar and molar, the 
value being approximately that of the salt-free sol, 75.9. A 
smaller or larger relative content of calcium chloride gives a 
higher surface tension, as the curves indicate. A similar antag- 
onistic action was observed also with mixtures of potassium and 


sodium chloride. 
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Handovsky! points out that it is better to consider the surface 
tension as a function of the concentration of one electrolyte 
while that of the other remains constant instead of considering 
it in its dependence on the total concentration. Recalculation 
of Neuschlosz’s data from the former standpoint reveals only a 
slight change in surface tension in the region of high concen- 
trations with the sodium-calcium mixtures; but for mixtures of 
sodium and potassium, the results after the recalculation differ 
from those of Neuschlosz; but in this case, also, there isno question 
that one salt cuts down the surface tension-raising action of the 
other. 

If the change in surface tension of lecithin sol by the presence 
of electrolytes is the result of coagulation, as seems probable, the 
antagonistic action of mixtures is doubtless due, in large measure, 
to the effect of each cation on the adsorption of the other. 
Freundlich and Scholz? prefer to assume that hydration influences 
are chiefly responsible for the antagonistic action; but this view- 
point is not sufficiently definite to be helpful. In so far as the 
adsorption of the ions is determined by their hydration® and 
that of the adsorbent, it is of course quite proper to say that 
cationic antagonism is determined by hydration influences. 


Ionic ANTAGONISM IN BIOLOGICAL SYSTEMS 


The behavior of colloidal solutions of such substances as 
arsenic trisulfide, copper ferrocyanide, and lecithin in the pres- 
ence of salt pairs is of importance owing to the existence of what 
appear to be analogous phenomena in biological systems. 

Almost 50 years ago, Ringer‘ attempted to use a sodium 
chloride solution isotonic with the blood, for the continuous 
perfusion of the heart of a frog. This solution was unsatisfactory 
as the beats diminished gradually and ceased entirely after a few 
minutes. It was discovered that traces of the chlorides of 
calcium and potassium added to the salt solution gave a perfusion 
liquid capable of maintaining the heart beat at a satisfactory 
height for a considerable time. The so-called ‘“Ringer’s golu- 

1 Pfluger’s Archiv., 185, 7 (1920). 

* Kolloidchem. Beihefte, 16, 267 (1922). 

3 Cf. p. 254. 

4 J. Physiol., 3, 380 (1880-82); 4, 29, 222 (1882-83); 7, 291 (1886). 
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tion’’ contains 0.13 molar sodium chloride, 0.0011 molar calcium 
chloride, and about 0.0002 molar potassium chloride.! Similarly, 
Jacques Loeb? found that the fertilized eggs of a sea urchin, 
Fundulus Heteroclitus, do not develop to embryos when trans- 
ferred to a solution of sodium chloride having the same concen- 
tration as sea water; but the destructive action of the sodium 
chloride is neutralized by adding calcium chloride in the ratio 
of one or two mols of the latter to two hundred of the former. 
Small concentrations of many other divalent cations have an 
effect similar to calcium ion. It is a striking fact that the opti- 
mum ratio of sodium chloride to calcium chloride is approxi- 
mately the same as it is in nature, in sea water, and in the blood 
of animals. A similar relationship obtains with certain plants. 
Thus Osterhout* demonstrated that wheat grown in a solution 
containing 0.12 molar sodium chloride and 0.0012 molar calcium 
chloride develops extensive rootlets and shows other signs of 
healthy growth, whereas in solutions of either 0.12 molar sodium 
chloride or 0.0012 molar calcium chloride alone no growth occurs. 
Moreover, zoospores of Vaucheria grow rapidly in a solution of 
0.1 molar NaCl and 0.001 molar CaCl, or even in pure water; but 
show no signs of growth in either 0.1 molar NaCl or 0.001 molar 
CaCl... Observations of a similar character have been made 
repeatedly by a number of other biologists‘ so that the antagonis- 
tic action of salts on living organisms can be considered as one 
of the commonplaces of biological science. 

The influence of salts on living cells appears to be closely 
related to their permeability. Osterhout® studied the effect of 
various electrolytes on the conductivity of certain sea weeds such 
as Laminaria. Immediately after removal from sea water, he 


1 Bayuiss: ‘Principles of General Physiology,” 207 (1920). 

2Am. J. Physiol., 6, 411 (1902); Pfluger’s Archiv., 88, 68 (1901); Lorp and 
WastENEYs: Biochem. Z., 31, 450; 32, 155; 33, 489 (1911); 39, 167 (1912); 
J. Biol. Chem., 21, 223 (1915); Lous: [bid., 32, 147 (1917); J. Gen., Physiol., 
5, 231 (1922). 

3 Plant World, 16, 129 (1913); J. Biol. Chem., 19, 335 (1914). 

4Ostrwaup: Pfluger’s Archiv., 106, 568 (1905); cf. Littin: Am. J. Physiol., 
29, 372 (1912); J. Gen. Physiol., 3, 783 (1921); Nurrpr: Pfluger’s Archiv., 
198, 225 (1923); Spiro: Schweiz med. Wochschn, 51, 457 (1922); Urin: 
Chem. Zentr., III, 887 (1922). 

5 Science, [2] 35, 112; 36, 350 (1912). 
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found the tissues to exhibit a practically constant resistance to 
the passage of the current; but on exposure to a comparable NaCl 
solution, the resistance decreased and to a comparable CaCl» 
solution, the resistance increased; while exposure to properly 
balanced mixtures containing 100 mols NaCl to 1 to 2 mols CaCl, 
caused no appreciable variation from the normal. If Laminaria 
is first immersed in a 2.5 per cent solution of pure sodium chloride 
the electrical conductivity is increased; on adding a little calcium 
chloride to the solution, the sea weed returns to normal conduc- 
tivity without showing signs of permanent damage.! It appears, 
therefore, that the protoplasmic membrane is a physical system 
capable of undergoing reversible variations in permeability as a 
result of exposure to solutions containing varying amounts of 
sodium and calcium salts. From such observations, Osterhout? 
divides substances into two groups: (1) those which cause an 
increase in permeability and (2) those which can produce a 
decrease in permeability. From this point of view, substances 
belonging to the first class will antagonize those belonging to the 
second and vice versa. 


The soundness of this point of view is indicated not only by the fact 
that we are able to predict both qualitatively and (to a considerable 
extent) quantitatively the effect of combinations of salts but also by 
the very significant fact that we are able to extend this conception to 
organic compounds and to show that non-electrolytes which decrease 
permeability can also antagonize such substances as NaCl. These 
facts indicate that the hypothesis may be applied in a general manner so 
as to include both electrolytes and non-electrolytes. 


This hypothesis does not account for the change in permeability 
but Clowes* has sought to explain it by comparing the cell 
membrane to an oil-water emulsion in which soaps concentrate 
at the interface between oil and water, lowering the surface 
tension of one or the other depending on whether the soap is oil 
soluble or water soluble. Thus we should expect an emulsion of 
oil in water in the presence of sodium salts and of water in oil 
in the presence of calcium salts. 

1OstrerHouT: Science, [2] 34, 187 (1911). 

2 Science, [2] 41, 255 (1915). 

5 J. Phys. Chem., 20, 407 (1916). 

4Bancrorr: “ Applied Colloid Chemistry,” 261 (1921). 
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Salts of calcium promote and alkalies and salts of sodium inhibit the 
transformation of a system consisting of a non-aqueous phase dispersed 
in water into the reverse type of systems, consisting of water more or 
less perfectly dispersed in a non-aqueous phase. If the analog of islands 
surrounded by water and lakes surrounded by land is considered, it will 
be obvious that a transformation has been effected from a system which 
is freely permeable to water to one which is impermeable, if the trans- 
formation is complete. Since the transformation in one direction is 
effected by salts of calcium and in the reverse direction by salts of 
sodium, any intermediate degree of permeability might well be obtain- 
able by simply varying the proportions of the salts of sodium and 
calcium introduced into the system. 


From this point of view, it would follow that the critical ratio of 
sodium and calcium salts is one which produces a balance between 
the two types of emulsion that is most favorable for life and 
growth. In support of his hypothesis, Clowes, working with oil, 
water, and soap, showed that the ratio of sodium and calcium 
salts necessary to produce a balancing between these two types 
of emulsions was about the same as that found in sea water. As 
already noted, Osterhout showed that the specific conductivity 
of laminaria is increased by the addition of sodium salts and 
decreased by the addition of calcium salts. Now, if one has a 
labile emulsion in a critical state, its conductivity should be 
increased by converting it chiefly into an emulsion of oil in water. 
Clowes! was able to duplicate Osterhout’s results by impregnating 
filter paper with an emulsion of oil, water, and soap to which he 
afterwards added salts of sodium and calcium. 

Although quite suggestive, Clowes’ view that a cell membrane 
is a labile emulsion appears to be altogether inadequate to account 
for the marked osmotic pressure which a cell manifests. It seems 
better, at least for the present, to consider the cell membrane as a 
more or less rigid, semi-permeable pellicle comparable in certain 
respects to a copper ferrocyanide membrane. 

From what we now know of the structure of jellies and gelat- 
inous precipitates,” it seems probable that a copper ferrocyanide 
membrane consists of myriads of minute particles which adsorb 
water strongly. As a result of investigations carried out in 


1 Proc. Soc. Exp. Biol. Med., 15, 108 (1918). 
2 Cf. WuiseR: Bogue’s “Colloidal Behavior,” 1, 377 (1924). 
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Bancroft’s laboratory, Gurchot! considers a copper ferrocyanide 
film to be a negative colloidal film analogous to a colloidal sol. 
It is therefore a granular membrane, the space between the 
particles of which is more or less completely filled with adsorbed 
water. The film is therefore a dynamic system capable of re- 
versible coagulation. 

This concept of the nature of a copper ferrocyanide membrane 
enables one to account for a number of facts. To illustrate, 
it is known that below a certain concentration some salts will 
pass through a copper ferrocyanide membrane and sugar will 
not; while at higher salt concentrations, both will pass through. 
This is explained by assuming that no coagulation of the mem- 
brane takes place below a certain critical concentration of salt. 
The salts being soluble in water dissolve in the water layer and so 
pass through the membrane. Sugar molecules cannot go through 
in this way because of strong negative adsorption. When the 
salt concentration reaches the critical coagulation value, there 
results agglomeration of the particles which carry with them their 
film of adsorbed water leaving cracks through which the sugar 
can pass. Reversing the coagulation by adding a peptizing 
agent reforms the semipermeable film and the sugar will no 
longer pass through. Gurchot apparently succeeded in accom- 
plishing this reversal in permeability to sugar after coagulation 
with alcohol and salts, by means of CuSQ,. Potassium ferro- 
cyanide would doubtless produce the same results in very low 
concentration. 

If the membrane of a living cell is a colloidal film similar to a 
colloidal sol that can undergo reversible coagulation, there 
would appear to be a close analogy between the action of salt 
pairs in the precipitation of such sols as copper ferrocyanide 
and arsenic trisulfide and the antagonistic action of salt pairs on 
the permeability and hence on the life and growth of living cells. 
From this point of view, all of the factors influencing the precipi- 
tating action of salt pairs as it affects the stability of sols, which 
is outlined above, will be concerned in the antagonistic action 
of salt pairs as it affects the permeability of protoplasm. 

1J. Phys. Chem., 30, 83 (1926). 


V 
COLLOIDAL SILICATES 


CHAPTER XIX 
SILICATE SOLS AND GELS 


Of the methods that are employed for preparing salts in the 
colloidal state, but one seems to offer any particular promise as a 
means of forming silicate gels and sols. This is the condensation 
method by double decomposition of sodium silicate and salts of 
the heavier metals. The nature of the product obtained by this 
process will depend not only on the heavy metal entering into 
the reaction but, to a considerable extent, upon the nature of 
the sodium silicate solutions. Accordingly, special attention 
will be given first to the constitution and properties of such 
solutions. 


SODIUM SILICATE SOLUTIONS 


When reference is made to solutions of sodium silicate, one 
usually thinks of waterglass, which is not a solution of a definite 
chemical individual but is a variable system of the components 
sodium oxide, silica, and water. In commercial silicate solutions, 
the ratio of Na2O to SiO. may vary from 1:1 to 1:4.' The 
1: 1 ratio, sodium metasilicate, is on the market as a, crystalline 
powder. As a result of conductivity? and freezing-point* 
measurements it has been claimed that dilute solutions of sodium 
silicate are practically completely hydrolyzed, yielding sodium 
and hydroxyl ions and colloidal hydrous silica, but no silicate 
ions. The presence of myriads of colloidal particles were 
observed by Stericker* in an ultramicroscopic examination of 
solutions containing 18 to 35 per cent of commercial silicate in 
which the ratio Na2O: SiO, was 1:3.3. The clearly distinguished 
particles were probably not very highly hydrous and were 

1Vaw: J. Ind. Eng. Chem., 11, 1029 (1919). 

2 Kontrauscu: Z. physik. Chem., 12, 773 (1893). 

3Loomis: Wied. Ann., 60, 523 (1897). 


4Chem. Met. Eng., 26, 61 (1921). 
Bile 
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believed to consist of silica and soda stabilized by preferential 
adsorption of hydroxy] ion. 

The investigations of Bogue! and the more recent observations 
of Harman indicate that dilute silicate solutions are hydrolyzed 
much less than formerly supposed and that the percentage 
hydrolysis is quite low in concentrated solutions.? Moreover, 
Harman gives extended experimental evidence of the existence of 
silicate ions in silicate solutions* and of the absence of hydroxyl 
ion adsorption by colloidal particles of hydrous silica. The 
several lines of experimentation followed by Harman will be 
considered in the subsequent paragraphs. 

Conductivity of Silicate Solutions.—Harman‘ prepared pure 
crystalline sodium metasilicate, Na.SiO;:9H2O, and from a 
solution of this salt he made solutions of varying ratios of Na,O: 
SiO. by removing the alkali electrolytically.> Solutions in which 
the ratio Na,O:SiO. was 2:1 and 1:1 were found to be excellent 
conductors,® while solutions, in which the ratio was 1:2, 1:3, 
and 1:4 were good conductors in dilute solution but abnormally 
low in concentrated solution. This is illustrated graphically 
in Fig. 33 in which the equivalent conductivity of solutions of 
various concentrations is plotted against the Na.O: SiO» ratio. 
Considering dilute solutions, it will be seen that the conductivity 
of a caustic soda solution to which silica has been added decreases 
linearly and rapidly until the ratio 1: 2 is reached, where there is a 
sharp change in direction, the conductivity again falling regularly 
and linearly but not so rapidly as in the less siliceous solutions. 
The sharp change in direction at the ratio 1: 2 is taken to indicate 
the existence of a definite salt in solution. Since NasSiO; - 9H,O 
is a well-defined crystalline salt, the absence of a break in the 
curve at 1:1 indicates that the salt is appreciably hydrolyzed in 
dilute solution and that the linear decrease in conductivity is due 
to the gradual disappearance of the mobile hydroxyl ion. The 


1J. Am. Chem. Soc., 42, 2575 (1920). 

2 Stprickpr: Chem. Met. Eng., 25, 61 (1921). 

3 Cf., also, Main: J. Phys. Chem., 30, 585 (1926). 

4J. Phys. Chem., 29, 1155 (1925). 

* Spencer and Provup: Kolloid-Z., 31, 36 (1922); Lorrprmossr: Jbid., 
30, 346 (1922); Krécnr: Jbid., 30, 16 (1922). 

SCf., also, Kontrauscu: Wied. Ann., 47, 756 (1892); Z. physik. Chem., 
12, 773 (1893); Kantensere and Lincoun: J. Phys. Chem., 2, 77 (1898). 
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conductivity for ratios up to 1:2 are much greater than could 
result alone from hydrolysis into sodium hydroxide and colloidal 
hydrous silica. Above the ratio 1:2 where the hydroxyl ion 
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Fie. 33.—Equivalent conductivity against the Na2O:SiOz ratio for solution 
of various concentrations. 


concentration is very low, the sodium ion accounts for only about 
one-half of the observed conductivity. To account for the 
remainder, the obvious way is to postulate the existence of 
silicate ions with mobilities ranging from 40 to 60. It may be 
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mentioned at this point that the equivalent conductivity 
calculated from freezing-point, hydroxyl ion, and sodium ion 
measurements agrees well with conductivity data determined 
experimentally. 

The curves for more concentrated solutions exhibit three 
changes of direction which might be taken to indicate the pres- 
ence in solutions of a salt with the Na.O: SiOz ratio 2:1 as well 
as 1:1 and 1:2. But since there is no independent evidence of 
the existence of salts with ratios other than 1:1 and 1: 2, it is 
probable that other ratios are mixtures of these with sodium 
hydroxide or hydrous silica, as the case may be. To account for 
the relatively low conductivity of concentrated solutions above 
the ratio 1:2, Harman suggests that either the extent of loniza- 
tion is too low, or aggregate or colloid formation takes place. 
As already pointed out, there is no doubt of the existence of 
colloidal particles in the more siliceous solutions. 

Hydrolysis.—The hydrolysis of silicate solutions of varying 
concentrations and of varying Na2O: SiO, ratios was determined 
electrometrically by Bogue! whose observations were confirmed 
in all essential respects by Harman.” The results of the latter 
are shown graphically in Fig. 34 in which the percentage 
hydrolysis calculated from the hydroxyl ion concentration as 
given by hydrogen electrode measurements, is plotted against 
the Na2,O: SiO, ratio. It will be seen that these data show the 
hydrolysis to be far from complete. Thus a 0.01 normal solu- 
tion of Na2SiO; is hydrolyzed to the extent of 27.8 per cent while 
ratios 1:3 and 1:4 at the same concentration show only 1.5 per 
cent hydrolysis. Moreover, the degree of hydrolysis falls off 
with increasing concentration for all ratios. 

It is obvious that the correctness of the conclusions concerning 
the percentage hydrolysis depends upon the accuracy of the 
determination of the hydroxyl ion concentrations. It isassumed, 
of course, that the hydrogen electrode measurements give a true 
measure of the hydroxyl ion present in the system. This is 
probably not the case if a part of the hydroxyl ions are adsorbed 
by colloidal particles present in the system. It has been demon- 
strated that adsorbed chloride ion will not give a test with silver 


1J, Am. Chem. Soc., 42, 2575 (1920). 
2 J. Phys. Chem., 30, 1100 (1926). 
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nitrate! and its effect on a chlorine electrode will be negligible. 
Similarly, it is extremely improbable that adsorbed hydroxyl ion 
would behave toward a hydrogen electrode in the same way as a 
free hydroxyl ion. The values of the hydrolytic dissociation 
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Fic. 34.—Per cent hydrolysis against the NazO:SiO2 ratio for solutions of 
various concentrations. 


determined from electromotive force measurements on a colloidal 
system, such as certain sodium silicate solutions, will be correct 
only in case no hydroxyl ion is adsorbed. As will be shown in 
the next section, it is not possible to account for the high osmotic 
activity of dilute sodium silicate solutions if it is assumed that 
the silica exists only as colloidal silica which has adsorbed 


1RugR: Z. anorg. Chem., 48, 85 (1905). 
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hydroxyl ion. Accordingly, it is probable that Bogue’s and 
Harman’s determinations of percentage hydrolysis are approxi- 
mately correct. 

Osmotic Activity.—The osmotic activity of various sodium 
silicate solutions was determined by Harman! from measurements 


| 


Molecular Lowering of the Freezing Point 


ai 


21 ll 1:15 1:2 1:3 14 
Ratio Na,0:Si0, 


Fria. 35.—Molecular lowering of the freezing point against the Na2O: SiO: ratio 
for solutions of various concentrations. 


of the lowering of the freezing point. In Fig. 35 the data for the 
° : yeh ty Ate ; 
molecular lowering of the freezing point m0 plotted against the 


Na,O: SiO. ratio for solutions of varying concentrations. It 

will be seen that ratios 2:1 and 1:1 and to a lesser degree 1: 2, 

exhibit a high degree of osmotie activity especially in dilute 

solutions. Moreover, ratios 1:3 and 1:4 show a relatively high 
1 J, Phys. Chem., 31, 355 (1927). 
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osmotie activity in dilute solutions as compared with the low 
value in concentrated solutions. 
If the van’t Hoff factor 7 is calculated for the solutions in 


which the Naz2O:SiO, ratio is 1:1 using the expression 7 = ea x 


1.858,' a fairly high degree of hydrolysis or ionization is indi- 
eated, even in the more concentrated solutions. In a 0.01 
normal solution, the value for n comes out to be 3.87 which lies 
between 3, expected if total ionic dissociation takes place, and 4, 
the consequence of total hydrolytic dissociation and ionization 
of the hydroxide formed, assuming in the latter case that all 
the silica is colloidal and is without influence on the other con- 
stituent of the solution. If the laws of ideal solutions are 


assumed to apply in this case the percentage hydrolysis is a! a x 


100 = 97 per cent which agrees well with the figure calculated 
from conductivity measurements of both Harman and 
Kohlrausch and from the freezing-point measurements of 
Loomis.? 

Since the percentage hydrolysis by electrometric measurements 
is 27.8 per cent and from freezing-point and conductivity data is 
97 per cent, Harman* concludes that neither 


. . . (1) 27.8 per cent hydrolytic dissociation into 2Na* + 20H’ + col- 
loidal H»SiO; alone occurs, as this does not agree with the freezing-point 
results, nor (2) is the silica or silicic acid formed, wholly, if at all, col- 
loidal, 7.e., SiO; ions must exist in the solution, and both hydrolytic and 
ionic dissociation must take place. 

The interaction of sodium metasilicate and water may be represented 
as follows at very low concentration, where if hydrolysis has taken place 
in two stages the concentration of HSiO; will be negligible: 


NaSi0; 2 2Na’ + SiO,’ 
ao + + 
2HOH 2 20H’ + 2H’ 


tt It 
2NaOH  H.Si0; 
1 1.858 is the molecular lowering of an ideal substance at infinite dilution. 


2 Wied. Ann., 60, 523 (1897). 
3J. Phys. Chem., 31, 369 (1927). 
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From electromotive force measurements there is 27.8 per cent hydrolytic 
dissociation at concentration 0.005 m (or N. = 0.01). From sodium 
ion measurements there is 97.5 per cent of the primary reaction 
Na.SiO; = 2Na‘ + SiO,’ 

at this concentration. The H.SiO; formed, as indicated above, may be 
taken as all erystalloidal, which seems justifiable at this low concentra- 
tion, and be capable of dissociating into H’ and SiO ions, a reasonable 
possibility in spite of the general belief to the contrary, and one which 
receives so much support from experimental evidence based upon con- 
ductivity measurements, transport number experiments, diffusion 
experiments, apart from the favorable evidence adduced herein, that it 
appears almost a certainty. Calculating the van’t Hoff factor 7 upon 
this basis and making use of the OH’ and Na’ ion concentration, we get 
~ = 3.52, where 7 from freezing points, is equal to 3.87. 

This is fairly good agreement, considering that it depends on ordinary 
laboratory freezing-point technique, and on two independent sets of 
electromotive force measurements, and it not only supports the view 
that both hydrolytic and ionic dissociation takes place but that a fairly 
correct percentage value has been obtained for both these dissociations. 

Let us consider almost complete hydrolysis into NaOH and colloidal 
H,SiO3, according to the theory put forward by Kohlrausch! and by 
Loomis,” the extent of such hydrolysis, to be determined by the concen- 
tration of sodium ions,’ but assuming the OH’ ions to be adsorbed to a 
large extent by the colloidal silica so that the actual OH’ ion concentra- 
tion agrees with the percentage hydrolysis found by e.m.f. measure- 
ments. On this basis, for concentration N= 0.01, 7.e., 0.005 m, 
i = 2.53, whereas from freezing-point measurements 7 is 3.87. This 
non-agreement, clearly outside the bounds of experimental error, appears 
to afford definite proof against OH’ ion adsorption. 


From similar considerations, Harman concludes that the 
solutions in which the Naz,O:SiO, ratio is 1:2 do not contain 
the salt NaeSizO; but rather NaHSiO; which behaves like 
Na,SiO; in giving rise to Na’, OH’, and HSiO; ions together 
with H.SiO;. Electrometric titration of sodium silicate solutions 
likewise indicates that silicic acid is a dibasic acid giving salts 
NaHSiO; and Na.SiO;.4. The 1:3 and 1:4 ratios, on the other 
hand, do not appear to be definite salts but rather to consist of 

1Z. physik. Chem., 12, 773 (1898). 

2 Wied. Ann., 60, 531 (1897). 

3 HarMAN: J. Phys. Chem., 30, 922 (1926). 

4 Harman: J. Phys. Chem., 31, 616 (1927). 
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complex aggregates and ionic micelles which are assumed 
tentatively to have the composition [m SiO3, n SiOz aq\"" 

The ultramicroscope definitely discloses the presence of 
colloidal particles in the more siliceous mixtures. Since some 
silicate ions exist in such solutions, the colloidal particles derive 
their negative charge from adsorption of these ions giving what 
may be termed colloidal ions or ionic micelles; but, in my opinion, 
such colloidal particles differ in no essential way from colloidal 
arsenic trisulfide particles stabilized by preferential adsorption 
of HS’ ions or of colloidal gold particles stabilized by preferential 
adsorption of hydroxyl ions. 

Transport Numbers of the Ions.—Harman! determined the 
transport numbers of the ions in various silicate solutions by the 
Hittorf method, both electrode portions being analyzed for both 
sodium and silica. The transport number, T. N., of the silicate 
ion was calculated from the expression 
T. N. (Silicate ion) = 

total change in weight of SiO» 
N X (weight of SiO». equivalent to Ag deposited in coulometer) 
where N is the number of mols per divalent charge, 2F, of the 
anion; and the weight of “‘SiO2 equivalent to the Ag deposited”’ 
is calculated from the relation, 1 Ag equivalent to 148iO2. The 


: eli lne : 
average value of N is equal to the molar ratio ae 6 in the solution. 
2 


In Table XLIX are given the transference numbers of the ions in 
solutions with different ratios of NasO:SiOs. These results 
indicate that a fair proportion of the current, at least one-half 


TaBLeE XLIX.—TRANSFERENCE NumBers oF Ions IN SODIUM SILICATE 


SOLUTIONS 
Ratio a Nou = 1 — (Nna 
Na2O + SiOz | Ne Noiticate =} Neiticate) 
fea 0. 0.16 0.53 
he 0.41 0.41 0.18 
ier 0.43 0.46 0.11 
1:4 0.48 0.59 


1 J. Phys. Chem., 30, 359 (1926), 
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in the most siliceous mixtures, is carried by the silica. Harman 
recognized two possibilities: either the silica exists as ions, or 
hydroxyl ions are adsorbed on colloidal particles giving the 
necessary charge to the silica. Since the view that the silica 
exists chiefly as colloidal particles that have adsorbed hydroxyl 
ions is incompatible with the high osmotic activity of dilute 
silicate solutions, the only conclusion is that the silica must 
exist as ions. 

Diffusion.—The existence of silicate ions and of crystalloidal 
H.SiO; in silicate solutions is further indicated by diffusion 
experiments of Harman! using membranes of collodion and 
parchment paper. For example, most of the silica in 0.3 normal 
solutions containing Naz,O and SiO» in the ratio 1:1 and 1:2 
was diffusible. Moreover, two-thirds of the silica in 0.3 normal 
and one-third of the silica in 1 normal solutions of the 1:4 ratio 
diffused through the membranes. In very dilute solutions of all 
ratios, the silica behaved as if it were in true solution. 

While the work of Harman has extended our knowledge of the 
nature of sodium silicate solutions, one is left with the impression 
that an important factor in the behavior of such solutions is not 
taken into account, namely the effect of ageing. Mylhus and 
Groschuff? are of the opinion that at the moment of its formation 
from waterglass, silicic acid exists as such in a molecular solution 
which passes unchanged through a dialyzing membrane; and that 
the colloidal state results from polymerization of the acid with 
the splitting off of water. In commenting on this view a short 
time ago,* it was suggested that the newly formed silicic acid was 
colloidal but the primary particles were too finely divided to be 
stopped by the membrane employed. After a time, however, 
these very highly dispersed particles coalesced to form larger 
primary particles with the loss of adsorbed water as a result of 
the decrease in specific surface. In the light of Harman’s work, 
it now appears that silicic acid, as such, exists in solution as 
Mylius and Groschuff assumed. There is no doubt, however, 
that such a solution goes over in time to the colloidal state and 
that the particles of colloidal silica agglomerate and age slowly 

1J. Phys. Chem., 31, 616 (1927); cf., also, GAanauLy: Ibid., 31, 407 (1927). 

2 Ber., 39, 116 (1906). 

§’ Wrispr: “The Hydrous Oxides,” 194 (1926), 
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but continuously! approaching crystalline SiO. as a limit.” 
So far as the author is aware, the experiment has not been 
tried, but one should expect to find ultramicrons, even in 
dilute solutions of the definite salt Na.SiO;, if the latter were 
allowed to stand for a long time. Since everybody recognizes 
the existence of colloidal silica in more siliceous solutions, it is 
obvious that the system when first prepared is not in equilibrium, 
attaining this condition only after long standing, if at all. The 
tendency of colloidal silica particles to coalesce into larger 
aggregates and finally to gel, is clearly recognized by Vail* as one 
of the outstanding characteristics of silicate solutions containing 
colloidal silica. 


SILICATE SOLS 


Since sodium silicate solutions contain silicate ions, together 
with varying amounts of colloidal silica, it should be possible to 
prepare silicate sols of varying purity by double decomposition 
of very dilute solutions of sodium silicate and salts of heavier 
metals. Ota and Noda‘ prepared such sols by the addition of a 
dilute waterglass solution to dilute solutions of copper, silver, 
magnesium, zinc, aluminum, titanium, manganese, ferrous iron, 
and cobalt. While a part of the colloidal material in such prep- 
arations is the metallic silicate, such salts will hydrolyze to a 
greater or lesser extent, giving a mixture of the hydrous oxide of 
the metal and hydrous silica. It seems altogether unlikely, for 
example, that any titanium silicate should exist in contact with 
water. 

The colloidal mixtures of silicates and hydrous oxides exert an 
enzymic action like an oxidase when examined by the indophenol 
reaction. The order of activity of the silicate sols is: Ag > Cu > 
Co > Ti > Al > Mn > Zn > Mg > Fe’’. Powdered kaolin, 
tale, and serpentine do not exhibit this action. Natural earths 

1Cf. Scowarz and St6wener: Kolloidchem. Beihefte, 19, 171 (1924); 
Scuwarz and Linpe: Ber., 53, 1509, 1680 (1920); Scuwarz: Kolloid-Z., 28, 
77 (1921); GrunpMANN: Kolloidchem. Beihefte., 18, 197 (1928). 

2Cf. BAcHMANN: Z. anorg. Chem., 100, 1 (1917); Zstamonpy-Sprar: 
“Chemistry of Colloids,” 137 (1917); ScHwarz and StowrEnuER: Kolloid- 
chem. Bethefte, 19, 171 (1924). 

3 J. Soc. Chem. Ind., 44, 214 T (1925). 

4J. Sci. Agr. Soc., Japan, 268, 287 (1924). 
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show a weak activity compared to the artificial preparations. 
This behavior recalls the oxidase-like action of colloidal manga- 
nese dioxide toward guiac tincture, hydroquinone, etc.' 


SILIcATE GELS 


When solutions, not too dilute, of sodium silicate and the salt 
of a heavy metal are allowed to interact, a gelatinous precipitate 
is obtained which will vary widely in composition depending on 
the Na2O: SiO» ratio in the silicate solution, the nature of the 
heavy metal, the concentration of the solutions, and the relative 
proportions of the reacting materials.?. In general, one might 
expect the gel to contain considerable silicate with salts of the 
alkaline earths; some silicate with such salts as copper, cobalt, 
and nickel; and little or no silicate with salts of ferric iron, 
chromium, or aluminum. With the latter salts, the gelatinous 
mass will probably consist almost entirely of hydrous oxides of 
the trivalent metal and hydrous silica. 

The gels formed on mixing waterglass and solutions of the 
chlorides of aluminum, chromium, calcium, copper, and nickel 
readily part with the metallic oxide, leaving pure silica on treat- 
ing the dried preparations with hydrochloric acid.6 By this 
procedure a silica gel with superior adsorbing qualities may be 
prepared. 

Lloyd® prepared from fuller’s earth an aluminum silicate gel 
which adsorbs alkaloids strongly from either neutral or acid solu- 
tions thereof. The adsorbed alkaloid may be recovered by 
treatment with an alkaloid solvent. It has been suggested 
that the material be called Lloyd’s reagent.? 

Base-exchange Silicate Gels.—NSilicate gels are known which 
have the power to a marked degree of taking up the cation of any 

1 SsoLtEMA: Chem. Weekblad., 6, 287 (1909); Chem. Zentr., I, 496 (1911). 

2 Cf. Jorpis and Hmnnis: J. prakt. Chem., [2] 77, 240 (1908). 

*Jorpis and Kanrer: Z. anorg. Chem., 35, 90, 344 (1903); 42, 418 
(1904); 43, 48, 314 (1905); Ls Cuarg.ier: “Recherches expérimentales sur 
la constitution des mortieres hydrauliques,’’ Paris, (1887). 

4Scuwarz and Maruis: Z. anorg. Chem., 126, 55 (1923). 

* Hotmes and Anpprson: J. Ind. Eng. Chem., 17, 280 (1925). 

6U. 8. Patent, 1048712 (1912). 

7 Waxtppotu: J. Am. Chem. Soc., 35, 837 (1913). 
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electrolyte from solution and, at the same time, returning to the 
solution an equivalent amount of another cation originally 
contained in the gel. An important example of this class of 
substances is the amorphous permutits (from permutare, to 
change) first prepared by Gans! by fusing together a mixture of 
china clay, sodium carbonate, and quartz, followed by leaching 
the vitreous mass with water. The product obtained in this way 
is a highly porous, amorphous gel which corresponds approxi- 
mately to the formula Na,O- Al,03;-28i02-xH.O. It may be an 
amorphous aluminum silicate similar in constitution to the 
naturally occurring crystalline zeolite of the same composition. 

If water containing calcium or magnesium chloride is allowed 
to percolate through a column of sodium permutit, there results a 
solution of sodium chloride free from calcium or magnesium and 
calcium or magnesium permutit isformed. The original permutit 
is restored by percolating a concentrated solution of sodium 
chloride through the alkaline earth permutit, whereby the calcium 
or magnesium is replaced by sodium. This base exchange is the 
basis of the permutit process for softening hard water. If sodium 
or calcium permutit is treated with a solution of a manganese salt, 
a manganese permutit is produced; and if a solution of potassium 
permanganate is employed, a potassium-manganese permutit 
results, covered with a finely divided layer of a higher oxide of 
manganese. This product is employed to remove iron from 
water as well as for oxidizing organic matter and bacteria in 
water. Regeneration is accomplished by treatment with a solu- 
tion of potassium permanganate. 

In many cases, the exchange of cations takes place almost 
quantitatively. Thus, a sodium permutit in contact with a 
moderately concentrated silver nitrate solution was found by 
Giinther-Schulze? to have exchanged 96.5 per cent of its sodium 
for silver in a day’s time. The extent and rate of the exchange 
depends in large measure on the physical character of the per- 
mutit. Thus, a freshly prepared sample exchanges bases more 
completely and quickly than a dried one.’ 


1 Jahrber. Kénigl. Preuss. Geol. Landesanstalt, 26, 175 (1905); 27, 63 (1906). 
2 Z. physik. Chem., 89, 168 (1915). 
3’ BeuUTELL and BuascuKe: Centr. Mineral. Geol., 142 (1915). 
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A special siliceous gel known as “doucil”’ has been prepared! 
by mixing solutions of sodium silicate and sodium aluminate, 
drying and washing to remove soluble sodium salts. The dried 
gel has the approximate composition Na2O- Al.,O3-° 58102 cor- 
responding to the natural crystalline zeolite, phillipsite. Like 
the zeolites and the artificial permutits, doucil may be employed 
to soften water and to recover either alkali or alkaline earth 
metals from dilute solutions.2 Unlike other base-exchange 
silicates, doucil has a very minute gel structure possessing pores 
of ultramicroscopic dimensions. It therefore exhibits a rela- 
tively high exchange capacity for a given mass. “Its high 
capacity and quick regeneration fits it especially for small 
domestic softening units although it has given excellent results 
in large industrial units especially designed to take advantage 
of its properties.’” 

Reference to base-exchange materials naturally raises the 
question of the mechanism of the cation transfer. It was at 
first believed that the process is a typical reversible chemical 
reaction in which the equilibrium conditions can be expressed 
by means of the mass law.* Subsequent observations indicate 
that this is not the case. Wiegner® points out that the behavior 
of base-exchange gels in contact with a neutral solution has all 
the characteristics of an exchange adsorption process. Cations 
are taken up from the salt solution by the gel in exchange for 
equivalent amounts of other ions. The equilibria are frequently 
set up smoothly and quickly as in the case of adsorption. More- 
over, if the amount of cations taken up by a unit amount of 
silicate is plotted against the equilibrium concentration of the 
surrounding solutions, a typical adsorption curve is obtained 

7 1 
M = Ken, 

1 WHEATON: English Patent, 177746 (1922); U. S. Patent, 1586764 
(1922). 

* Vatu: Trans. Am. Inst. Chem. Eng., [2] 16, 119 (1924). 

’ Vatu: J. Soc. Chem. Ind., 44, 214 T (1925). 

“Gans: Jahrber. Kénigl. Preuss. Geol. Landesanstalt: 26, 179 (1905); 27, 
63 (1906); GUnrHER-ScHuLzE: Z. physik. Chem., 89, 168 (1914); Z. Elek- 
trochem., 28, 85 (1922); Ramann and Spencex: Z. anorg. Chem., 105, 82 
(1918). 

’J. Landw., 60, 111, 197 (1912); Rosrworowskt and Wimennmr: Jbid., 
60, 223 (1912); Kolloid-Z. (Zsigmondy Festschrift) 36, 341 (1925). 


which fits the Freundlich equation 
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Wiegner! has recently modified the Freundlich adsorption 
isotherm into an exchange isotherm as follows: 
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in which y is the amount in milliequivalents exchanged by 1 gram 
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Fie. 36.—Curves showing the exchange of ions with ammonium permutit. 


of gel, a the concentration of the original solution, and ¢ the 

concentration after equilibrium is reached expressed in milli- 

equivalents; K and nm are constants. Some typical exchange 

curves’ for univalent and bivalent ions with ammonium permutit 
1 Jenny and WigaGNER: Kolloidchem. Beihefte, 28, 443 (1926). 


* Jenny and WigeGcner: Kolloidchem. Beihefte, 23, 428 (1926); WimcneRr 
and Jenny: Kolloid-Z., 42, 268 (1927). 
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as the base-exchange gel are given in Fig. 36 in which y in per cent is 

c 
d.—C¢ 
ions to enter the gel and displace the ammonium ion is the reverse 
of the lyotropic series for both groups of ions: Mg < Ca < Sr < 
Ba and Li < Na < K < Rb < Cs < H._ In view of this rela- 
tionship, it is believed that hydration may be an important factor 
in determining the base-exchange capacity of an ion just as it 
has been found to be in other adsorption phenomena.’ 

With increasing hydration of univalent ions, the tendency to 
enter the gel falls off and the ease of displacement from the gel 
increases. The behavior of the divalent ions, on the other hand, 
is anomalous in certain respects. In high concentrations a 
univalent ion enters the gel more readily than the divalent ion 
which is hydrated to a similar degree. Thus the lithium curve 
lies slightly above the magnesium eurve, the sodium curve above 
that for calcium and strontium, and the potassium curve above 
that for barium. But at low concentrations magnesium enters 
the gel more readily than lithium, calcium and strontium more 
readily than sodium, and barium more readily than potassium. 
Indeed with N/100 solutions all the divalent ions enter the gel 
more readily than any of the univalent ions. Thus the strongly 
hydrated magnesium ion is taken up more strongly than the very 
slightly hydrated potassium ion. Moreover, the divalent ions 
are always retained more tenaciously than the univalent ions. 
The anomalous behavior of the series of divalent ions, as com- 
pared with the series of univalent ions, is attributed to the 
formation of insoluble hydroxides with the hydroxyl ions 
adsorbed on the surface of the gel. Hence, magnesium ion which 
forms the relatively insoluble magnesium hydroxide is retained 
by the gel more strongly than other ions although its volume as 
determined by its degree of hydration cuts down its tendency to 
enter the gel and displace therefrom a smaller, less hydrated ion. 

If one objects to considering the base exchange in silicate gels 
as an adsorption phenomenon, the alternative position is to 
regard a mixed base-exchange gel as a single-phase solid solution.” 

1Cf. p. 254. 


2 Cf. Roramunp and Kornrexp: Z, anorg. Chem., 108, 129 (1918); 108, 
215 (1919); 111, 76 (1920). 


plotted against It will be seen that the capacity of the 
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In accord with this view, we have seen that silver or calcium ions 
in suitable concentration replace sodium practically completely 
from a sodium permutit. Since the sodium is not confined to 
the surface, it is evident that the displacing cation must penetrate 
the entire mass, replacing the sodium atoms of each molecule. 
If the replacement is complete, the product is homogeneous; and 
if the replacement is incomplete, the intermediate product would 
appear to be homogeneous as is a solution. But, as Freundlich! 
points out, it is still questionable whether this should be regarded 
as something essentially different from adsorption since the forces 
which hold the solution molecules together are of the same nature 
as those acting in the case of adsorption. 

Rothmund and Kornfeld call attention to the fact that it is 
more nearly correct to refer the results to the ratio of the two 
ions which enter into exchange rather than to the concentration 
of one ion, since for every ion taken up an equivalent amount of 
another ion enters the solution. In this respect the exchange of 
ions in permutit does not differ from polar exchange adsorption 
such as one encounters with arsenic trisulfide and the hydrous 
oxide mordants.2 Rothmund and Kornfeld regard the base 
exchange as a solid solution phenomenon and from this viewpoint 
deduce the following equation for ions of equal valence at 
complete dissociation 


C2 Ce 
where c, and ¢ are the concentrations of the two ions in the solid 
phase and C,; and C2 are the concentrations of the corresponding 
ions in the solution. According to this equation, which applies 
through a limited range, the equilibrium is independent of the 
volume and therefore remains unchanged whether liquid be 
added or removed. The general relationship between the 
amount taken up and the equilibrium concentration of the 
solution is given by the empirical expression 


Cy Ps G 1 
eG) 


where c and C have the same significance as above, and k and 
n are constants. It will be noted that this equation corresponds 


1“ Colloid and Capillary Chemistry,” 215 (1926). 
2 Cf. Weiser and Porter: J. Phys. Chem., 31, 1828 (1927). 
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to that for the adsorption isotherm. Moreover, the exponent 
lies between 0.3 and 0.7, as in many typical cases of adsorption. ! 

Since it is not possible to distinguish the exchange of bases by 
permutits and related substances from exchange adsorption, 
it must remain a moot question, for the present, whether the 
phenomenon should be interpreted as a case of adsorption or of 
solid solution.” 

“Silicate Garden.”—When small crystals of various readily 
soluble salts such as cobalt nitrate, copper sulfate, ferrous sul- 
fate, nickel sulfate, manganese sulfate, zine sulfate, cadmium 
nitrate, etc. are dropped into a silicate of soda solution of the 
right concentration and alkalinity, growths resembling plant 
shoots spring up, giving rise to the so-called ‘‘silicate garden,” 
‘artifical vegetation,” or ‘colloidal forest.’”’* When the soluble 
crystal comes in contact with the silicate solution, it is quickly 
surrounded by a semipermeable siliceous gel. Diffusion then 
takes place through the gel membrane producing pressure inside 
the envelope which is distorted or broken depending on the 
rigidity of the structure which, in turn, depends on the concen- 
tration of the silicate solution and the nature of the metallic 
salt. The water which passes through the membrane dissolves 
more salt and a new wall is formed around the extruded solution. 
This process continues, giving rise to a great variety of curious 
shapes and forms which differ markedly with different metals. 
For example, hair-like filaments result with cadmium salts, and 
thick fungoid growths with nickel salts. The development of 
the plant-like shoots is more rapid in dilute than in concentrated 
silicate solutions up to the point where the gel is not sufficiently 
rigid to retain its form, and is more rapid in solutions where the 
Na2,O to SiO, ratio is high than in the more siliceous solutions. 
The gels consist of the hydrous oxides of the metals and hydrous 
silica or of a mixture of these with hydrous metallic silicates. 


The colloid chemistry of clay and of glass will be considered in 
some detail in the two succeeding chapters. 


1 Cf. Freunpuicu: ‘Capillary and Colloid Chemistry,” 175 (1926). 

*See, also, Brssatsxr1: Z. anorg. Chem., 160, 107 (1927). 

* Borranr: J. prakt. Chem., [1] 10, 60 (1837); Muuprr: Ibid., 22, 41 
(1846); Doturus: Compt. rend., 143, 1148 (1906); Ross: Proc. Roy. Soc., 
N.S. Wales, 44, 583 (1910); J. Chem. Soc., [2] 102, 49 (1912). 


CHAPTER XX 
THE COLLOID CHEMISTRY OF GLASS 


It has been generally assumed that the art of making glass 
arose in Egypt 6000 years ago. This is evidenced by representa- 
tions of the art of glass blowing in the walls of the tomb of Tih 
(about 3800 B. C.) and the discovery of beads and other orna- 
ments of glass among the ruins of ancient Memphis. Glass 
articles were first brought into Greece and Rome by the Pho- 
necians, who also learned how to make glass at an early date. 
Indeed, the cities of Tyre and Sidon were almost as famous for 
their glass as for the brilliant purple dye which colored the robes 
of kings. In the Roman Empire the manufacture of glass was 
taken up on a large scale by Tiberius Caesar, who imported 
Egyptian workmen into Rome and built up an industry rivaling 
that of Alexandria. The Roman glass was far from perfect, 
possessing a green or yellow tint and containing numerous small 
blowholes and nodules. Accordingly, it was usually colored 
deeply or rendered opaque by the addition of suitable materials 
and was employed for decorative purposes in mosaics and for 
jewelry. The excavations at Pompeii, however, reveal that 
glass was employed for windows to a limited extent as early as 
the first century of our era. With the downfall of the Roman 
Empire, the manufacture of glass was taken up in Constantinople 
and the Mohammedan orient where it flourished for five centuries. 
The art returned to Europe during the Middle Ages, centering in 
Venice; and, during the sixteenth and seventeenth centuries, 
Venetian glass became famous throughout the civilized world. 
From Italy the art spread to France and Germany and England. 

In America the first glass factory was built at Jamestown in 
1607, to make bottles; and 15 years later a second factory was 
built to make beads for commerce with the Indians. Both 
factories were destroyed in 1622 and it was not until late in the 
following century that the industry assumed any importance. 

331 
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With this brief account of the discovery and spread of the art 
of glass making, we can proceed to a consideration of the nature 
and properties of this substance whose importance to art and 
science alike is difficult to overestimate. 


COMPOSITION AND PROPERTIES OF GLASS 


The substances known as glass differ widely in composition 
and properties. The simplest commercial glass is fused silica but 
most glasses consist of at least three major components and in 
some cases of twelve or more. The materials which are fused 
together to form glass fall into three general classes: (1) carbon- 
ates of the univalent metals, usually sodium, potassium, and 
lithium; (2) oxides or carbonates of divalent or trivalent metals 
of which calcium, lead, barium, and aluminum are the most 
important; and (3) oxides or other compounds of non-metals 
such as silica, boron, phosphorus, and arsenic. 

Since the properties of a glass.depend, to a large extent, on the 
composition, this varies with the purpose for which the glass is 
intended. The three most common types of glass are crown, 
Bohemian, and flint. Crown is the ordinary soda-lime-silica 
glass which is characterized by its low fusibility and ease of 
working. It is employed in making such articles as window 
glass, plate glass, and common laboratory apparatus. Bohemian 
glass is a potash-lime-silica product which fuses at a higher 
temperature and so is employed for making chemical apparatus, 
combustion tubes, ete. Flint glass is a potash-lead oxide-silica 
glass containing little or no lime. It is very fusible and possesses 
a high index of refraction which renders it valuable for making 
optical apparatus, tableware, artificial gems, etc. In the so-called 
borosilicate glasses, boric acid is added at the expense of soda in 
ordinary glass, and the silica content is high. An outstanding 
example of this type of glass is pyrex, which is characterized by 
its low temperature coefficient of expansion and its high resistiv- 
ity to the action of chemical reagents, especially acids. 

Attempts have been made to correlate the various physical 
properties of glass with composition. Thus, an additive rela- 
tionship has been found to exist, within limits, between composi- 
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tion and such properties as thermal expansion,! density,? thermal 
conductivity,*® tensile strength,* compressibility,’ specific heat,® 
Young’s modulus of elasticity,’ hardness,’ and refractive index.? 
The simplicity of these relationships in practice makes it possible 
to prepare glasses of approximately known properties by bringing 
together suitable oxides in the requisite proportions. Thus, the 
preparation of a glass with a specified density or refractive index 
is simplified by the general additive relationships which subsist.!° 
It should be emphasized, however, that the formulas used in 
calculating the numerical values of a given property of a glass 
from the composition contain constants which are purely empir- 
ical and vary with the working conditions. Thus, while tables 
and diagrams from which the physical constants of a glass of 
known composition can be predicted are of great aid to the glass 
manufacturer, the theoretical significance of the additive relation- 
ships is by no means clear. 

The existence of so many approximately additive properties 
of glass might lead one to suppose that the composition is quite 
simple. As a matter of fact, Sosman'! and Tammann” suggest 
that in glasses the oxides themselves may exist as a result of 
dissociation of compounds. Definite evidence of the existence 


1 WINKELMANN and ScHortr: Wied. Ann., 51, 730 (1894); ENauiisH and 
Turner: J. Soc. Glass Tech., 56, 121 (1921); J. Am. Ceram. Soc., 10, 551 
(1927). 

2 WINKELMANN and Scuorr: Wied. Ann., 51, 697, 730 (1894); Baruuin: 
J. Soc. Chem. Ind., 40, 141 T (1920). 

3 WINKELMANN: Wied. Ann., 67, 794 (1899); WitLtamson and ADAMS: 
Phys. Rev., [2] 14, 99 (1909); Bripeman: Am. J. Sct., [5] 7, 81 (1924). 

4 WINKELMANN and ScuorrT: Loc. cit. 

5 ApAMs and WiuuiaMson: J. Franklin Inst., 195, 475 (1923); BripGMAn: 
Am. J. Sci., [5] 10, 359 (1925). 

6 WINKELMANN: Wied. Ann., 49, 401 (1893). . 

7 WINKELMANN and Scuortt: Loc. cit.; Wiuu1ams: J. Am. Ceram. Soc., 
6, 980 (1923). 

8 AUERBACH: Wied. Ann., 48, 61 (1891); 45, 262, 277 (1892); 58, 100 
(1899). 

9 TrLLoTsEN: J. Ind. Eng. Chem., 4, 246 (1912); Cuarkn and TurRNER: 
J. Soc. Glass Tech., 4, 111 (1920). 

10 Cf. ZscHIMMER: Sprechsaal, 69, 249, 265, 282, 297 (1926); Chem. Abstr., 
21, 2765 (1927). 

1 J, Franklin Inst., 194, 741 (1922). 

12 Z. anorg. Chem., 125, 301 (1922). 


334 THE COLLOIDAL SALTS 


of silicates in transparent glass has yet to be established and it 
has been suggested that such compounds are formed only at the 
moment of their separation from glass in the form of crystals. 
Thus, the specific volume curve for mixtures of magnesium and 
calcium silicates shows a definite break for the crystalline mixture 
but not for the glasses containing the same components in the 
same proportion. On the other hand, in the simple system 
sodium oxide-silica, when the specific volume and also the specific 
refraction are plotted against the composition, a definite break 
occurs in each case at a point corresponding to Na.O - 25102! and 
this particular compound has been isolated from melts and 
definitely characterized.2, Moreover, a large number of silicates 
have been isolated from silicate fusions containing the oxides 
employed in fabricating commercial glasses. Thus, Morey and 
Bowen* obtained not only the simple silicates Na.O - SiOz, 
Na.O - 28102, and CaO - SiO, but also a series of complex com- 
pounds which are characterized by extensive dissociation when 
liquefied. It is probable, therefore, that such compounds exist in 
glasses, but lack of definite knowledge has led to the commend- 
able plan of reporting the composition in terms of the oxide 
components instead of attempting to assign a definite formula to 
a body which may be a complex mixture of compounds. 


THE COLLOIDAL NATURE OF GLASS 


Glass in its rigid form is commonly regarded as a supercooled 
liquid. This view is based largely on the assumption that its 
properties change continuously with change in temperature. 
As a matter of fact, however, this assumption has been based 
almost entirely on qualitative observations and it is only in recent 
years that. more refined studies have disclosed a marked discon- 
tinuity in the behavior of glass in the region of the softening 
point. 

Ten years ago Twyman‘ tested the application of Maxwell’s® 
equation for the disappearance of stress in a viscous body to 

1TurnER: J. Soc. Glass Tech., 9, 147 (1925). 

* Morey and Bowen: J. Phys. Chem., 28, 1167 (1924). 

3 J. Soc. Glass Tech., 9, 226 (1925). 

4 J. Soc. Glass Tech., 1, 61 (1917). 

5 Phil. Mag., [4] 35, 133 (1868). 
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the problem of annealing glass. He determined the change of 
mobility (rate of change of strain with time under constant stress) 
with temperature and found the following formula to hold: 

dS ) 

re Mi= k 26 
where M is the mobility, k a constant depending on the nature 
of the glass, and @ the temperature. English! comfirmed this 
result with a large number of glasses of differing composition, 
except for the slight modification that the temperature interval 
was changed from 8 to 9°. This means that the mobility of a 
glass is either doubled or halved according to whether the tem- 
perature rises or falls by each 9°. In this connection attention 
should be called to Gray and Dobbie’s? observation that the 
specific conductivity of a number of glasses was doubled for each 
9° rise in temperature. 

While these observations would seem to furnish quantitative 
evidence to support the view that the change of glass from a 
molten liquid to a rigid form is a continuous one, Tool and 
Valasek* showed, as a matter of fact, that glass exhibits a marked 
discontinuity in behavior below the softening temperature. 
Above a “critical temperature” T,, all glasses examined includ- 
ing a fused boric acid glass,* exhibited a sudden increase in the 
rate of absorption of heat with rise of temperature, which was 
maintained up to a temperature 7’,, slightly below the softening 
temperature. This is illustrated by the behavior of a borosilicate 
glass both on heating and on cooling as shown in Iig. 37. The 
heat effect at various temperatures was measured by the aid of 
a differential thermocouple.’ This is given in terms of galvanom- 
eter deflections which are plotted as abscissas against tem- 
peratures of the glass as ordinates. The range of temperatures, 


1 J. Soc. Glass Tech., 7, 25 (1923). 

2 Proc. Roy. Soc. (London) 63, 38 (1898); 67, 197 (1900). 

3 Bur. Standards, Sci. Papers, 15, 537 (1919-20). 

4In recent quantitative observations on a boric oxide glass SAMSOEN: 
[Compt. rend., 181, 354 (1925); Samsomn and Monvat: 182, 968 (1926)] 
found a region of heat absorption and a sharp rise in specific heat at a 
temperature of about 217°. This was followed by a twelvefold change in 
the coefficient of expansion at about 245°. 

5 Burcess and LeCuateninr: “Measurements of High Temperatures,” 
8rd. ed., 383 (1912); Burauss: Bur. Standards, Sci. Papers, 6, 199 (1908). 
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T.1'., was found to coincide with what is called the “annealing 
range’’ of temperature as indicated by a change in double refrac- 
tion within which glass may be regarded as plastic. It appears, 
therefore, that heat of absorption and the rapid softening of 
glass are allied phenomena. 

Following up the above observations, Peters and Cragoe!? 
determined the thermal expansion of a number of glasses from 
20° to the softening temperature. In all cases, the thermal 
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Via. 37.—Heating and cooling curves for a borosilicate glass. 


expansion remained constant up to very close to 7, which was 
identical with the critical temperature for the glasses studied by 
Tool and Valasek. At 7’. the coefficient of expansion underwent 
a sudden change of value, again becoming constant and remaining 
so over the greater part of the range 7'.7,; but the value over the 
latter range was from four to seven times as great as over the 
range 20° to T.. The general results of Peters and Cragoe were 
confirmed by Turner with a series of soda-lime-silica glasses, by 


1 J. Optical Soc. Am. 4, 105 (1920); Bur. Standards, Sci. Papers, 16, 449 
(1920). 
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Parks and Huffman! with a propylene glycol glass, and by Sam- 
soen? with a glycerin glass. A typical curve for a soda-lime- 
silica glass is reproduced in Fig. 38 in which the linear coefficient 
of expansion is plotted against temperature. 
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Fic. 38.—Variation of thermal coefficient of expansion of a soda-lime-silica 
glass with temperature. 


Travers’ points out that a marked change in volume near the 
solidifying point furnishes the only way of accounting for the 
fact that when two soft glasses of different makes are sealed 
together, they join perfectly but show a ridge at the point of 

1 J. Phys. Chem., 31, 1842 (1927). 

2 Compt. rend., 182, 518 (1926). 


3 “The Physics and Chemistry of Colloids and Their Bearing on Industrial 
Questions,’’ 62 (1920). 
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union. This could not be caused by any difference in the rate 
of contraction over a range outside that at which the glass pos- 
sesses mobility. 

The evidences of discontinuity in the properties of glass in the 
neighborhood of the softening point is strongly supported by 
Griffith’s! observation that below a certain temperature glass 
does not behave merely as a viscous liquid. This conclusion was 
reached from a study of the surface tension of an English glass 
with a relatively high softening temperature. In the neighbor- 
hood of 1100° the surface tension was measured by Quincke’s drop 
method; but at lower temperatures, this was obviously impracti- 
cal and the following procedure was used: Fibers of glass were 
prepared 2 inches long and from 0.002 to 0.001 inch in diameter 
with enlarged spherical ends. These fibers, supported horizon- 
tally in stout wire, were placed in an electric resistance furnace 
maintained at the desired temperature and suitable weights were 
hung on their midpoints, the enlarged ends preventing any 
sagging except that due to extension of the fibers. Viscous 
stretching of the fibers occurred under these conditions until the 
suspended weight was just balanced by the vertical component 
of the tension in the fibers. In the steady state, the latter was 
due entirely to the surface tension of the glass whose value was 
calculated from the observed sag in the fiber by means of the 
expression 

dS sin 140 = W 

where d is the diameter of the fiber, S the surface tension, @ the 
angle of suspension between the two halves of the fiber, and W 
the suspended weight. This method was found to be applicable 
between 900 and 730°. Above 900 the viscosity was insufficient 
for an observation to be made before the fiber commenced to 
break up into globules. Below 720°, on the other hand, observa- 
tions made on fibers of different diameters were inconsistent, the 
apparent surface tension being higher for the larger fibers. The 
meaning of this result is that below 730° the glass is not a perfect 
viscous liquid, as it is usually assumed to be, but exhibits a solid 
stress which increases from 0 at 730° to 1.3 pounds per square 
inch at 657° and 24 pounds per square inch at 540°. 


1 Phil. Trans., 221 A, 163 (1921). 
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More recently, Filon and Harris! investigated the optical 
properties of glass heated under pressure and found that a portion 
of the applied stress was not optically shown. ‘The obvious 
conclusion from this observation was that glass cannot be a 
homogeneous liquid but must consist of at least two phases. 

In the light of the evidence, it seems reasonable to conclude 
that glass is not a homogeneous liquid. An alternative hypoth- 
esis is that it is a colloid, exhibiting the properties of an elastic 
jelly in the rigid form and the properties of a sol in the molten 
state.2 From this point of view the changes which glass under- 
go on cooling the melt may be likened, qualitatively at least, 
to the sol-gel transformation in such systems as gelatin-water. 

The suggestion that glass is a colloid usually implying some 
form of a polyphase liquid system is not new. Thus Barus? 
made use of this point of view 30 years ago to account for the 
behavior of glass toward water. At a pressure of 10 atmospheres 
and a temperature of 185°, he found glass to be transformed into 
an aqueous gel which possessed all the properties of a glass in 
the sense that it was compact and apparently homogeneous. 
On heating the gel, water was volatilized, leaving a porous whitish 
mass. It thus appears that glass is a jelly which can be swollen 
by water in much the same way as gelatin is, provided one works 
at a pressure sufficiently high to overcome the cohesion of the 
glass molecules. 

Although the view that glass is a colloidal system resembling an 
elastic jelly is supported by considerable evidence, a great deal 
of work must be done before an adequate picture of the constitu- 
tion and structure of the vitreous mass can be given. Quincke* 
suggests that glass possesses a jelly-like structure built up of 
invisible foam walls separating foam cells, the walls and cells 
consisting of a series of liquid phases each containing several 
modifications of silicic acid. This view was reached from acareful 
examination of copper aventurine glass which contains micro- 
scopic crystals of copper in a transparent glass. He noted that 


1 Proc. Roy. Soc. (London) 103 A, 561 (1923). 

2Cf. Travers: “The Physics and Chemistry of Colloids and Their 
Bearing on Industrial Questions,”’ 63 (1920). 

3 Am. J. Sci., [3] 41, 110 (1891); [4] 6, 270 (1898); 7, 1 (1899). 

4 Ann. Physik, [4] 46, 1025 (1915). 
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in some cases the crystals develop in lines of similarly orientated 
octahedra while in other cases the crystals appear to be distrib- 
uted over curved or plane surfaces. Quincke believes these 
observations to indicate the existence of a cellular or honeycomb 
structure in glass; but Quincke! considers all jellies to possess a 
honeycomb structure, whereas it seems probable that most, if 
not all, jellies have a filamentous or sponge structure.? In any 
case, Quincke’s observations point quite as much to the presence 
of fibrils as of cell walls in glass. Sosman* suggests that the solid 
character of silica glass is due primarily to the existence of long 
amorphous silica threads and their entanglements, and only 
secondarily to the interconnection of oxygen atoms. Bary* 
regards glass at ordinary temperatures as a solid or semisolid 
solution of a crystalloidal alkali silicate such as Na.SiO; or 
K.SiO;, in a condensed and highly polymerized colloidal silicate 
of a bivalent metal which may be formulated thus [CaO = 
(SiO2),==CaO]. The rigidity of the glass at ordinary tempera- 
tures is attributed to the large size of the silicate molecules. 
Heating is believed to cut down the rigidity by depolymerization 
and decondensation of the hypothetical silicates. Plasticity 
which occurs above acertain temperature is attributed to the 
plasticizing effect of dissolved alkali silicate on the colloid.° Bary 
admits that the hypothetical constitution of glass which he pro- 
poses may need modification in places, but points out that it 
enables one to give a reasonable interpretation of many phe- 
nomena unexplainable on the assumption that glass is simply a 
supercooled liquid. 


DEVITRIFICATION 


The tendency of certain constituents of glass to crystallize often 
leads to devitrification, a phenomenon in which relatively large 
crystals are formed in the glass, rendering it opaque and unwork- 
able. Some glasses are very likely to devitrify during cooling 

' Drude’s Ann., 9, 793, 969 (1902); 10, 478, 673 (1903). 

2 Cf. Weiser: ‘The Hydrous Oxides,” 12 (1926). 

5 J. Franklin Inst., 194, 741 (1922). 

* Rev. gén. colloides, 8, 1, 46 (1925); cf., also, DorLtrer: Ibid., 2, 162 
(1924). 


* Bary: Rev. gén. mat. plastiques, 1, 4 (1925); Rurr: Z. anorg. Chem., 133, 
187 (1924). 
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while other glasses must be kept near the temperature of lique- 
faction for hours before visible crystals appear. All depends on 
the composition of the glass and the conditions of cooling. While 
many silicates may be cooled quite slowly without crystallizing, 
the fused silicates of calclum and magnesium form crystals if 
not quickly chilled, an accomplishment which is rather difficult 
since the compounds combine high thermal capacity with low 
thermal conductivity. The crystals formed during the devitri- 
fication of ordinary soda-lime-silica glass are probably calcium 
silicate chiefly, since this compound exhibits the greatest tend- 
ency to crystallize of any salt in the group. To obtain a good 
glass it is necessary, therefore, that the lime content should be 
kept within fairly well-defined limits. 

Tammann! recognized three main factors which control the 
spontaneous crystallization of supercooled melts of one com- 
ponent: first, its ability to crystallize spontaneously as measured 
by the number of centers of crystallization formed in unit mass in 
unit time; second, the speed of crystallization; and third, the vis- 
cosity. The tendency to crystallize spontaneously and the speed 
of crystallization first increase with diminishing temperature and 
then decrease again, while the viscosity increases steadily. 
Alexander? points out that in mixtures a fourth factor, mutual 
protection, may be of outstanding importance. Every substance 
in forming microscopic crystals must necessarily pass through the 
colloidal zone where surface forces such as adsorption may exer- 
cise a dominant influence. The mutual adsorption of various 
silicates will introduce a time lag in the crystallization process 
which is cumulative and is enhanced by the increasing viscosity 
of the mass. For example, the presence of alumina and titania® 
in glass is inimical to devitrification although it is very difficult 
to cool sillimanite, Al.O;SiO2, alone sufficiently rapidly to 
prevent crystallization. 


RUBY GLASS AND RELATED PRODUCTS 


Many transparent colored glasses owe their color to the pres- 
ence of colloidally dispersed substances. An important example 

17. Elektrochem., 10, 532 (1904). 

2 “Colloid Chemistry,”’ 2nd ed., 187 (1924). 

3TURNER and SHEEN: Pottery Gaz., 48, 1804 (1923). 
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of this class of bodies is ruby glass obtained by melting a suitable 
glass with gold, copper, selenium, or with compounds of these 
elements. 

Gold ruby glass is readily prepared by melting a lead or barium 
glass and adding gold as gold chloride? or in the form of purple of 
Cassius as used by Kunkel, the discoverer of the glass. If the 
glass is cooled quickly it usually remains colorless, but if cooled 
slowly or reheated to a temperature well below the melting point, 
it becomes colored owing to the separation of a very large num- 
ber of particles of colloidal gold of the size to transmit red light. 
If the temperature is too high or the time of heating too long, the 
red color may change to a violet and then to a blue owing to 
increase in the size of the particles. These changes in color are 
exactly the same as are observed in gold hydrosols and for the 
same reason. If stannic oxide is added to the glass it protects 
the gold so that there is less tendency for the material to turn blue 
on prolonged warming.’ 

While the cause of the red to blue color of gold ruby glass is 
understood, it is not obvious why the chilled melt is colorless at 
first. Zsigmondy* points out that this cannot be due to the 
formation of a colorless gold salt‘ since the mass is colorless, even 
in the presence of strong reducing agents. He concludes, there- 
fore, that the colorless glass consists of a supersaturated solution 
of metallic gold in the vitreous mass, together with gold nuclei 
which arise from the supersaturated solution on cooling and grow, 
during the subsequent heating, into particles of the size to trans- 
mit red light. Zsigmondy offers no adequate reason for assuming 
that most of the gold is in true solution and from analogy with 
colloidal solutions of the alkali metals® one would expect a solu- 
tion of gold to have the color of gold vapor. On the other hand, 
this is not necessarily true, since metals cathodically disintegrated 
and atomically dispersed in a suitable salt layer do not color it.® 


1 StmpEenTopr and Zstiamonpy: Drude’s Ann., [4] 10, 1 (1903); Zstamonpy- 
ALEXANDER: “Colloids and the Ultramicroscope,”’ 168 (1909). 

* BettaAMy: J. Am. Ceram. Soc., 2, 313 (1919). 

§ “Colloids and the Ultramicroscope,’’ 168 (1909). 

4Cf., however, SinveRMAN: J. Am. Ceram. Soc., 7, 796 (1924). 

5 Sveppera: Ber., 39, 1705 (1906). 

° Weser and Oosrrruuis: Koninkl. akad. Witensch. Amsterdam, 25, 606 
(1916). 
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The possibility that all the gold in the colorless glass is colloidally 
dispersed, the particles being too small to affect the beam of 
light, must not be overlooked, since Zsigmondy is willing to 
admit that a part ofitisinsuchastate. Moreover, von Weimarn! 
points out that in natural gold-bearing quartz, the gold may 
appear in colorless dispersion. 

The amount of gold involved in ruby glass is quite small, 0.01 
per cent giving a pink color and 0.1 per cent a bright red. There 
are some billions of gold particles per cubic centimeter, the weight 
of the particles being of the order of 10- grain and their 
diameter from 4 to 30up. 

Copper is used instead of gold in the manufacture of a cheaper 
form of ruby glass. Copper either as oxide or metal always gives 
green to greenish blue tints when added to glass in the ordinary 
way. When the oxidation of the element is prevented by the 
presence of a reducing agent and the glass is cooled slowly or 
subjected to repeated heating followed by cooling, an intense 
ruby color is produced. Glasses with particles of quite different 
sizes are recognized technically. In the true ruby glass the 
particles are of ultramicroscopic dimensions; in the opaque copper- 
red haematinon, they are microscopically visible; and in aventurine 
glass they exist as spangles visible to the naked eye. From 
analogy with gold ruby glass one would expect the color of the 
copper glass to be due to colloidal copper. This view is held by 
Williams,” but Seger* attributes the color to cuprous oxide or cup- 
rous silicate. This opinion is shared by Stokes‘ since he believes 
that finely divided colloidal copper is blue, whereas it is the coarser 
particles which are blue. Zulkowski® believes that cuprous 
oxide is responsible for the color. Bancroft® points out that we 
may have metallic copper in one glass and cuprous oxide in 
another. This is a safe position to take so long as there is no 
way of distinguishing between the two cases. It should be 
possible, however, to distinguish a copper or cuprous oxide glass 


1 Kolloid-Z., 11, 287 (1912). 

2 Trans. Am. Ceram. Soc., 16, 284 (1914). 

3 “Collected Writings,” 2, 734 (1902). 

4“ Mathematical and Physical Papers,” 4, 245 (1904), 
5 J. Soc. Chem. Ind., 16, 441 (1897). 

6 J, Phys. Chem., 28, 615 (1919). 
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from one containing copper silicate since the former should 
scatter light, whereas the latter should be optically empty. 

Selenium imparts a red to pink color to moderately alkaline 
glasses, the color being a purer red with potash than with soda 
glasses. The tint is that of the colloidally dispersed element 
which gives a hydrosol the color of arterial blood. In strongly 
alkaline melts, selenium gives a chestnut brown color and the 
glass is optically empty.2 Tellurium colors glass coral to purple- 
red in low concentrations and a steel blue in higher concentra- 
tions. Sulfur imparts a yellow to yellowish-brown color to glass 
containing no heavy metals; this is probably due to polysulfides 
since the glasses are reported to be optically empty.* Addition 
of sulfur to calcium glasses yields a blue color which is apparently 
due to colloidal sulfur. Wolfgang Ostwald‘ prepared blue and 
green sols of colloidal sulfur by introducing the element into mol- 
ten sodium chloride, borax bead, liquid ammonia, and hot organic 
liquids such as glycerin. He considers, furthermore, that the 
blue color of ultramarine is due to colloidalsulfur.® In this connec- 
tion, it is interesting to note that the mixture of sulfur, silicates, 
and other salts when melted together yields yellowish ‘‘ mother of 
ultramarine”’ which, like colorless gold ruby glass, is only trans- 
ferred into the commercial product by careful reheating. 

The addition of silver to glass as a surface stain yields the 
beautiful yellow color® which characterizes a silver hydrosol hay- 
ing the finest particles. For enamels, silver is added to the mass 
of the glaze and not as a surface stain. A yellow stain of silver 
on a cobalt blue enamel gives a green. Bancroft? points out 
that this is the ceramic analogue of the green tree frog which has 
no green pigment whatsoever but whose green color is due to a 
structural blue overlaid with a yellow pigment. 


1Scuuuze: J. prakt. Chem., [2] 82, 390 (1885). 

2 Fenaroui: Kolloid-Z., 16, 53 (1915). 

3 FENAROLI: Kolloid-Z., 16, 53 (1915). 

‘ Kolloidchem. Bethefte, 2, 449 (1911); Lanan: “ Die Schwefelfarbstoffe, 
ihre Herstellung und Verwendung,’’ (1912); cf. Kolloid-Z., 12, 61 (1913); 
OstwaLp and AumrBacu: Kolloid-Z., 38, 336 (1926). 

> Cf. Moraan: J. Oil and Color Chemists’ Assoc., 2, 120 (1919); Kumu: 
Chem. Ztg., 47, 513 (1923). 

6 RoSENHAIN: ‘‘Glass Manufacture,” 185 (1908). 

7“ Applied Colloid Chemistry,” 201 (1921), 
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The coloration of glass by oxides is probably due, in many 
cases, to the colloidally dispersed pigments. Thus the amethyst 
to violet color which manganese imparts to glass is due to some 
oxide although people do not agree as to whether the color results 
from Mn203,! MnOs,? or Mn;Q,.3 ‘It is possible that one or all of 
these oxides may be present in different glasses but the known 
wide variation in color of manganese dioxide from very finely 
divided red particles? to coarser black particles, makes it seem 
probable that the dioxide is responsible for the color. The 
hydrosol of manganese dioxide is usually a clear brown but a red 
hydrosol has been prepared.® The blue color of cobalt glass is 
probably due to very highly dispersed cobalt oxide.® Larger 
particles of this oxide are red rather than blue. The color of the 
ruby is due to a red modification of chromic oxide.’ 

The base of enamels is generally a colorless glass in which is 
suspended particles of an opaque metallic oxide or salt. The 
dispersed phase is usually stannic oxide but titania, zirconia, 
arsenic trioxide, calcium phosphate, cryolite, and fluorspar have 
been substituted for stannic oxide. All of the compounds are 
colorless and their addition renders glass opaque owing to the 
difference in refractive index. Thus, natural stannic oxide has a 
much higher refractive index for yellow light than glass has. 
The addition of antimony oxide to a lead glass gives an opaque 
yellow product, the second phase being lead antimonate, some- 
times called Naples yellow. 

Iron compounds usually color glass green or yellow but black, 
blue, brown, and red glazes have been obtained. The green 
-may be due to dissolved ferrous compounds and the yellow, 
brown, and red to ferric oxide of varying degrees of subdivision.® 
The black is probably due to relatively coarsely dispersed ferro- 
ferric oxide and the blue may be due to more finely divided 


1Scuotzs: J. Ind. Eng. Chem., 7, 1037 (1915); J. Soc. Chem. Ind., 35, 
116 (1916); Am. Mineral., 9, (1924). 

2 Roscon and ScuorteMMeER: “Treatise on Chemistry,” 2, 608 (1923). 

3 SrnLIMAN: “Hlements of Chemistry,’ 2, 175, 180 (1831). 

4Van BeMMELEN: J. prakt. Chem., [2] 28, 324, 379 (1881); FRemy: 
Compt. rend., 82, 475, 1231 (1876). 

5 Rippaut and Norrisu: Proc. Roy. Soc. (London) 103 A, 365 (1923). 

6 Weiser: ‘‘The Hydrous Oxides,” 149 (1926). 

T STILLWELL: J. Phys. Chem., 30, 1441 (1926). 

8 Cf. Wretsur: “‘The Hydrous Oxides,” 70 (1926). 
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magnetite or a blue modification of the compound analogous 
to the red modification of chromic oxide.! Foster? attributes the 
black color of Greek and Roman pottery to ferrous iron probably 
as ferrous silicate. Franchet,* however, reproduced the black 
luster simply by grinding equal amounts of magnetite and a frit 
prepared by fusing 55 parts of quartz sand with 45 parts of 
sodium carbonate at 850°. The opacity of the enamel was due 
to the presence of more magnetite than will dissolve in the flux. 

Opalescence in certain glasses is produced by the introduction 
of suitable amounts of arsenic trioxide, stannic oxide, calcium 
phosphate, cryolite, or mixtures of aluminum- and fluorine-bear- 
ing compounds. The phenomenon results from the presence of 
highly dispersed particles in the glass. Silverman‘ attributes the 
opalescence of aluminum-bearing glasses free from alkali chlorides 
or sulfates to the presence of finely divided, positively charged 
particles of colloidal alumina. The addition of chlorides or 
sulfates to the fused melt causes agglomeration of the particles, 
producing alabaster glasses in which opalescence is no longer 
visible, the glasses transmitting white light instead of firey light. 

1Bancrort: J. Phys. Chem., 28, 625 (1919); “Applied Colloid Chem- 
istry,’’ 2nd. ed., 488 (1926). 

2J. Am. Chem. Soc., 32, 1259 (1910). 


3 Compt. rend., 152 1097 (1911). 
4J. Am. Ceram. Soc., 1, 247 (1918); 7, 796 (1924). 


CHAPTER XXI 


CLAY 


) 


The term ‘“‘clay”’ is usually defined as a soft or consolidated 
rock consisting essentially of hydrous silicates of alumina, the 
chief characteristics of which are plasticity when wet and the 
property of baking to a hard stone-like mass when heated to 
redness. In view of the fact that there is some doubt as to the 
manner in which the alumina and silica are combined, Searle! 
prefers to regard clay as “‘a naturally occurring earthy material 
whose chief characteristic is its plasticity and whose essential 
constituents are reported in an analysis of the substance to be 
alumina, silica, and water.” This latter definition is sufficiently 
broad to include pure china clays whose composition may 
approach that of the crystalline mineral kaolinite and the highly 
siliceous and plastic material commonly referred to as brick clays 
which are known to contain as much as 60 per cent of material 
of a sandy non-plastic nature. 


ORIGIN AND COMPOSITION OF CLAYS 


Clays are secondary products formed, as a rule, by the weather- 
ing of feldspar and feldspathic minerals. Two general classes are 
recognized: residual clays and sedimentary clays. The first class 
is usually found overlying or adjacent to the parent rock. The 
mineral character varies from the finer and purer product nearer 
the surface to the mixture of clay and undecomposed rock with 
which it is in contact. It seems probable that the weathering 
consists primarily in the slow hydrolytic action of water on the 
feldspathic rock.2, The action of carbonic acid,* hydrogen sul- 

1“Brit, Assoen. Advancement Sci., Third Rept. on Colloid Chem.,”’ 114 
(1920). 

2 Cameron and Bet: Bull. U. S. Bureau of Soils, 30, 16 (1905). 

2 Cf. Rosw: Pogg. Ann., 65, 415 (1842); 82, 545 (1851); 94, 481 (1855); 
Srremme: Z. prakt. Geol., 16, 122, 443 (1908); 17, 353, 529 (1909); 18, 
161, 389 (1910); 19, 329 (1911); Sranu: Jbid., 19, 163 (1911); Bayuey: 


Econ, Geol., 15, 235 (1920). 
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fide, and organic acids such as humic may, likewise, have a 
kaolinizing action on the feldspar.!. Residual clays usually 
contain a smaller amount of iron and organic matter than 
sedimentary clays and are therefore lighter in color. 

Sedimentary clays are formed by the transportation in water 
and redeposition of residual clays; hence they may have no direct 
relationship with the rock with which they are in contact. Since 
all kinds of debris from the rock and soil over which the clays are 
carried may be transported with the clay, the sedimentary 
deposits are usually less pure than the residual clays. 

In view of the manner in which clays are formed and laid down, 
it is not surprising to find a wide variation in the composition of 
different deposits. Among the classes of clay which are impor- 
tant in the manufacture of ceramic material are china clay, ball 
clay, and fire clay. Many other classes are recognized in the 
ceramic industry,” but these three will serve to illustrate the 
variation in composition, properties, and uses of clays. 

It is generally believed that the mineral feldspar is one of the 
most important sources of clay. The weathering of pure crystal- 
line orthoclase KAISi;0s apparently gives Al:O3 - SiO» - 2H2O. 
This is the formula of the mineral kaolinite and a clay which 
approaches this composition is called kaolin. This term is said 
to be a corruption of the Chinese kao, high, and ling, hill, in allu- 
sion to the Kaoling mountain, North China, from which the 
Chinese obtained clay for the manufacture of porcelain. It 
corresponds to the English term china clay, so-called because of 
its use in the fabrication of ‘‘china” or porcelain ware. These 
terms are now applied to all the purer residual clays which analyze 
33 to 40 per cent alumina, 45 to 60 per cent silica, and 11 to 14 
per cent water, together with very small percentages of such 
impurities as Fe.03, Na2O, K2O, CaO, and MgO. 

The name ball clay is applied to certain sedimentary clays 
which possess high plasticity and tensile strength in the moist 
condition and which burn to a whitish or light-buff color. The 
chief use of this type of clay is in the manufacture of white 


1Wisr: Z. prakt. Geol., 15, 19 (1907); Smirnov: “The Influence of 
Humus Compounds on the Weathering of Aluminosilicates,” MKhrakow 
(1915). 

* Cf. Ries: “Clays,” 23-28 (1914). 
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earthenware. Ball clay is generally finer in grain than china 
clay, and contains more silica as well as more organic matter and 
other impurities. The firing temperature is considerably lower 
than that of china clay. 

Fire clay is the term applied to clay which fuses above 1500°. 
While this would include many of the purer residual clays, the 
term has been restricted in use to certain shales, usually under- 
lying coal seams which have a high fusion point and are employed 
largely in the manufacture of firebricks, furnace linings, glass 
pots, and other articles which may be subjected to a high 
temperature. 

The composition of some typical clays is given in Table L. 
It is obvious that clays having similar composition, reported as 


Taste L.—CompositTion or TypicaL Cuays! 


| Brick Brick 

: | ree ee Kaolin, | Ball clay, | Fire clay, | clay (1), | clay (2) 

= Jas |Webster,| Edgar, | St. Louis,; Harris- anaes, 
aay Ben NeGe |) (iia. Mo. | burg, burg, 
Tex. Tex. 
SiO Pryor eae 46.3 AMS hay || dafayh ila 57.62 80.39 80.84 
UT eee ane 39.8 40.61 39.55 24.00 9.82 8.09 
HeuOge ex, «ess Lore 1.39 | 0.35 3.30 2.88 BPS 
MeO ez oa: oe 0.09 0.18 0.30 0.45 0.26 
CuOen rotes Was Baas OF 45a |e. 0.70 0.42 1.44 
Ll OP ee ee eae hor eee | oe aes 0.50 Trace Trace 
On ees ars ee cer reat ese 0.20 0.19 0.10 
105 9 Sek eet he a ae ne ae 1 Pl Woe | | ease 2 0.35 0.78 
HOE wie eon) ORs 13.78 13.20 Bel 6.00 
Plasticity... | Low Low | Very high High Fair | High 


1 Compiled from Riss: ‘‘Clays”’ (1914). 


the oxides, may exhibit widely different properties. Thus the 
slightly plastic kaolin from Webster, N. C., differs but little in 
composition from the highly plastic ball clay from Edgar, Fla. 
This is further illustrated in a striking way by the two clays 
obtained from different beds in the same bank near Harrisburg, 
Tex. The first is fairly plastic, requires 18.7 per cent of its weight 
of water for mixing, shrinks 4.8 per cent on drying, without 
cracking, and has an average tensile strength of 188 pounds per 
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square inch. The second sample is highly plastic, requires 19.8 
per cent water for mixing, shrinks 8.6 per cent on drying with the 
formation of cracks, and has an average tensile strength of 275 
pounds per square inch. These examples, which are not excep- 
tions, show that the ultimate analyses of a clay gives little infor- 
mation concerning those physical characteristics which are of 
fundamental importance in the ceramic industry. 


THE CONSTITUTION OF CLAY 


The definite crystalline compound kaolinite is sometimes found 
in clays but its presence is the exception and not the rule. Micro- 
scopic examination usually reveals the clayey matter as an amor- 
phous flocculent aggregate associated with grains of other mineral 
matter such as quartz, feldspar, muscovite, calcite, rutile, gyp- 
sum, etc. If a commercial sample of clay is shaken with water, 
allowed to stand for a few minutes, and poured through a fine- 
mesh sieve, the process being repeated a number of times with 
fresh water, the residue will not be plastic, as a rule, but will 
resemble sand, or a mixture of gravel, sand, and rock powder. 
Analysis of the finest particles obtained by repeated sedimenta- 
tion or careful elutriation sometimes shows the composition to be 
approximately Al.O3;-2S8i0.-2H.O, identical with kaolinite. 
This is true for many kaolins and certain clays such as the Cornish 
clays; but many highly plastic clays and fireclays yield a product 
considerably richer in silica and deficient in the elements of water. 
The constancy of composition of the finest particles from purer 
china clays has led to the conclusion that all clays contain an 
essential substance corresponding to kaolinite but differing from 
the latter in being hydrous and amorphous. This material has 
been called “clay substance,’’! ‘true clay,’? and “‘clayite’® by 
different investigators. So frequently has this substance been 
referred to that its existence is taken for granted by many people. 
Ries,* however, emphasizes the fact that the term clay refers to a 


1Senrr: “Die Steinschutt and Erdboden,” Berlin, 236 (1867); Smczur: 
“Collected Writings,” I, 46 (1902). 

> BronentarT and Maraauti: Arch. Musewm Hist. Natl., 1, 234 (1840); 
2, 271 (1841). 

®Me.ior: “Inorganic and Theoretical Chemistry,” London, 6, 467 
(1925). 

4‘ Clays,” 8 (1914). 
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physical condition rather than to a definite composition and 
Searle! points out that “true clay” has never been isolated, both 
the composition and properties of the elutriated product differing 
with the origin and nature of the parent clay. 

Since the term clay connotes a physical condition rather than 
a definite chemical composition, the question arises as to the cause 
of the distinctive physical properties of clay, most important of 
which is plasticity. The answer is that clays owe their distinctive 
characteristics to the presence in them of colloidal matter, first 
recognized by Schlésing? in 1872. We thus reach the conclusion 
that clays are essentially mixtures of non-clayey, adventitious 
minerals such as sand with varying amounts of colloidal material. 
Since the amount of the latter which can be separated from clays 
is relatively small, it seems probable that the coarser non-plastic 
particles are covered with a film of the colloidal matter which 
becomes gelatinous when wet. It is still undetermined whether 
the colloidal matter is essentially the hydrous oxides of silica 
and alumina or whether it is an intermediate composition, a 
hydrous aluminum silicate. Searle* suggests that the colloidal 
matter of some clays may be hydrous silicates and of others the 
hydrous oxides. Thus, the composition of the eleutriated 
product from certain of the purer china clays indicates that the 
colloidal matter may be a hydrous aluminum silicate. On the 
other hand, colloidal matter from the lateritic clays, which are 
characterized by a large proportion of alumina and silicate soluble 
in hydrochloric acid, may be merely mixtures of the two hydrous 
oxides. This view is supported by the variability in composition 
of the elutriated product and by the similarity of the clayey 
matter to a mixture of alumina and silica. 

At the present time, nobody knows in what respect an amor- 
phous hydrous aluminum silicate will differ from an amorphous 
mixture of the hydrous oxides in the same proportion. Until 
we do know, it is simply a guess as to whether the colloidal matter 
of a given clay is chiefly the former or chiefly the latter. It is 


1“Brit. Assocn. Advancement Sci., Third Rept. on Colloid Chem.,” 115 
(1920). 

2 Compt. rend., 79, 376, 473 (1874); cf., also, RoHLAND: Z. anorg. Chem., 
31, 158 (1902); van per BreLuen: Chem. Ztg., 27, 433 (1903). 

+“Brit, Assocn. Advancement Sci., Third Rept. on Colloid Chem.,” 116 
(1920). 
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quite likely, however, that the first product of the weathering of 
feldspar is a definite hydrous aluminum silicate. Some observa- 
tions on the synthesis of aluminum silicate bear on this question: 

Schwarz and Brenner! mixed solutions of specially prepared 
sodium silicate and aluminum chloride, filtered off the precipi- 
tates which were dried on the water bath, pulverized with an ~ 
agate mortar, and subsequently washed with water, alcohol, and 
ether. In the first series of experiments the molar ratio AlCl;:- 
Na.SiO; was kept constant at 2:3, the concentrations of the 
solutions being varied. It was found that the ratio of alumina 
to silica in the precipitates increased with the dilution but it was 
always slightly less than the ratio 1:1.5. In the second series 
of experiments, the molar proportions mixed were varied from 
2A1C13:1.5Na28i03; to 2AICl3;:10Na.S8i0O3, and the mixtures 
allowed to stand 4 hours. The proportion of silica in the precipi- 
tate was found to increase with increasing concentration of 
sodium silicate up to 6 molar proportions of SiO»; but the latter 
never entered quantitatively into the reaction. When 6 to 10 
molar proportions of silica were present, the ratio of AlsO3:SiO2 
was invariably 1:2, a composition that was unaffected by the 
presence of an excess of silica. These observations should be 
repeated with different sets of solutions in order to determine 
whether the ratio represents a compound or the limiting adsorp- 
tion for the solutions used. In a third series of experiments, the 
molar ratio was kept constant at 2AICl;: 3Na.SiO; and the 
precipitate was kept in contact with the mother liquor for varying 
times from 15 minutes to 1g, 34, 2, and 21 days. The initial 
product was found to be a hydrous gel which approached the 
composition Al,O; + 1.58102. This took up SiO» from the mother 
liquor and in the course of approximately 200 hours, had gone 
over to Al,O; + 28102, this composition being maintained indefi- 
nitely. When dried at 110° it analyzed for Al.O3 - 28i02 - 2H.O 
corresponding to kaolinite. Analysis by x-rays was made of 
precipitates 2 days old, 8 days old, and 3 weeks old. The first 
two were found to be amorphous, whereas the third was crys- 
talline. The primary amorphous gel had, in the course of time, 
gone over into a crystalline compound Al.O; - 28i0. - 2H:O which 
appears to be similar or closely related to natural kaolinite. 

1 Ber., 56 B, 1433 (1923). 
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The synthetic product differed from an amorphous kaolin of the 
composition Al,O 3 - 2.77S8iO» : 2.07H2O in that the former lost 1 
molar proportion of water below 260° and the second proportion 
between 360 and 640°, whereas the latter was found to lose its 2 
molar proportions of water continuously above 360°, becoming 
anhydrous at 640°. The greater tenacity with which the natural 
kaolin holds on to its first molecule of water may be due to a 
difference in physical and molecular structure brought about by 
prolonged ageing. It is unfortunate that Schwarz and Brenner 
did not carry their observations to the point of establishing 
definitely whether or not their synthetic crystalline Al,O3 - SiO2 -- 
2H,O was identical in crystal structure with natural kaolinite. 

From the above observations, it would appear that in the 
neutral ternary system Al.O;—SiO.—H,0, a single compound 
Al,O3 - 28i02- xH.O is capable of formation and its formation 
is uninfluenced by the presence of an excess of silica or by the 
duration of the reaction. This compound is formed with par- 
ticular readiness when 1 mole of Al,O; is in contact with at least 
6 mols of SiOz as is the case in feldspar. It seems reasonable to 
conclude, therefore, that the first product of the weathering of 
feldspar is the hydrous aluminum silicate, AlzO; - 28102 - xH20. 
This is formed in the presence of silica and other salts which may 
inhibit crystallization to a greater or lesser degree so that crystal- 
line kaolinite is absent from most clays. It is probable that 
hydrous aluminum silicate undergoes hydrolysis to a certain 
extent with the formation of gels of the hydrous oxides. 


PROPERTIES OF CLAYS 


Plasticity.—Plasticity may be defined as the property of a 
material which enables it to change its shape without cracking 
when subjected to pressure, the new shape being retained when 
the deforming stress is removed. 


A‘ mobile liquid is not plastic because it will not retain its shape. 
With increasing viscosity, a liquid or a suspension passes through the 
point of zero fluidity and there is a change, as Bingham has shown, from 
viscous to plastic flow. Molasses candy is plastic until it crystallizes. 
Glass becomes plastic when heated to a suitable temperature. These 
are cases of plastic liquids. Crystalline solids may become plastic under 

1 BancRoFrT and Jenks: J, Phys. Chem., 29, 1215 (1925), 
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suitable conditions. Metals are squirted into rods or pipes because they 
are plastic under high pressures. The flow of a glacier is due, at least in 
part, to the plasticity developed in ice under high pressures. 

Between the extreme cases of a solid such as a metal and a liquid such 
as glass or molasses candy, we have the intermediate case of putty, which 
is a mixture of whiting and oil, a solid with a liquid film around it. Ifa 
liquid is adsorbed strongly by a solid, thin films of the liquid will hold the 
solid particles together, while still permitting them to move relatively to 
one another. The tendency of the liquid surfaces to coalesce causes any 
break to heal at once. A liquid film will therefore act as a bond for 
solids and may make the mass plastic. One kind of oil is used as a 
binder in roads, and another to make putty out of calcium carbonate. 
Everybody knows that dry sand cannot be molded whereas wet sand 
can. 


In the clay industry the term plasticity connotes not only that 
the clay can be molded under pressure but that it will harden on 
the application of heat, forming a rock-like mass. From this 
point of view wet sand alone is not plastic but requires the pres- 
ence of some binding material of a gelatinous character. In clays, 
this gelatinous binding agent is apparently a film of colloidal 
aluminum silicate or of the hydrous oxides of silicon and alumi- 
num on the surface of larger particles. The only difficulty with 
the simple hypothesis that the gelatinous material consists of 
the hydrous oxides of silicon and aluminum is the fact that the 
pure oxides do not take up water to form a gel after having been 
thoroughly dried out. Bancroft! suggested that the presence of 
some salt may account for the reversibility of the colloidal 
material on repeated moistening and drying. In accord with 
this view, it was found? that the addition of small amounts of 
sodium chloride plus traces of lithium chloride will make a kaolin 
plastic. This is not Nature’s way, however, since there appears 
to be no connection between the lithium content of a clay and 
its plasticity. Moreover, lithium chloride tends to keep alumina 
gelatinous and the lateritic or alumina-rich clays are said not to 
possess high plasticity as a rule. 

Following up the action of lithium chloride in rendering kaolin 
plastic, Jenks* has succeeded in working out the mechanism of 

1“ Applied Colloid Chemistry,’’ 160 (1920). 

* BancrorT and Jenks: J. Phys. Chem., 29, 1215 (1925). 

§ Dissertation, Cornell University (1927). 
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the action of electrolytes in forming and preserving the plasticity 
of clays. The material that is capable of becoming gelatinous 
when moistened was found to be produced and maintained in the 
necessary physical condition by a simultaneous peptizing and 
flocculating action under changing conditions. It is known that 
alkalies and alkali carbonates have a peptizing action on clays 
and that salts, especially those with multivalent cations, tend to 
flocculate clays. Hence suitable mixtures of the two types of 
reagents exert a plasticizing effect on kaolin or the hydrous oxides 
of silicon and aluminum that is more pronounced than either 
alone. This is illustrated by some observations recorded in 
Table LI. A salt was added to a clay slip that had been made 
alkaline by the addition of an alkaline hydroxide or carbonate. 
The slip was evaporated to dryness on a water bath, the clay 
remoistened and molded into a testball. The air-dried testball 
was allowed to disintegrate under water and the time of dis- 
integration recorded as the plasticity of the clay. It will be seen 


Tassie LI.—Errect or ELECTROLYTES ON THE PLASTICITY OF A KAOLIN 


Na,O 
Electrolyte added equivalent, | Plasticity 
per cent 
TSN See era TR, cae Oiicg eR ce Fae os oaks tes Bee one el) ee eS 4.5 
Dpcppercente nal. nce ms tance et treat ayy ara 0.14 6.5 
On eeDETiCeli IN Ae COs ensagla a otis east aucla oe 0.12 15.0 
0.1 per cent NaCl + 0.5 per cent NazCO3...... 0.67 1270 
DesenpenicentcN 2 O)CUs H.9 cence dnc kak pits at he reper 0.60 8.0 
0.4 percent NaCl + 0.8 per cent NaOH...... 0.80 13.0 
Pet percents LaQule pin amrrte mete rec hy «Ares tai eens 0.073 10.0 
Once percent lis C Oper ma eta teee t (0), 11.0 


that sodium carbonate is twice as effective as sodium chloride 
in increasing the plasticity and that the added effect due to the 
carbonate may be duplicated by allowing the chloride to react in 
an alkaline solution. Also, the deflocculating action of the dilute 
solution of sodium hydroxide alone and the later flocculating 
action of the concentrated solution obtained by evaporating off 
the water on the water bath did not increase the plasticity as 
much as a mixture of sodium hydroxide with the more powerful 
flocculating agent sodium chloride. 
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Silica was rendered plastic by treating with a solution of 
potassium hydroxide and barium chloride but not sodium 
chloride, followed by repeated air drying and moistening to 
plasticity. Plastic alumina was formed in a similar way by the 
simultaneous action of alkali chloride and hydroxide. This 
action is not specific since barium chloride and sodium sulfate 
can be substituted for sodium chloride, and sodium carbonate 
for sodium hydroxide. 

If the gelatinous character of a clay results from ageing in the 
presence of both peptizing and flocculating agents, it follows 
that a non-plastic clay is one which contains but little salts or 
which has not developed plasticity because of too uniform 
conditions. The “rotting” of dug clay which increases its 
plasticity is probably due to the moisture and temperature 
variations which increase the amount of gelatinous material. 

Since a gelatinous body consists of very finely divided particles 
that have adsorbed water strongly, it follows that a mixture of 
hydrous oxides or a hydrous aluminum silicate will continue to 
impart plasticity to a mass, even after drying repeatedly, pro- 
vided the primary particles are prevented from coalescing or 
from agglomerating into dense aggregates. As already noted, 
such coalescence or agglomeration is inhibited by a suitable 
peptizing agent. One would expect a protective colloid to 
exert a similar influence. Since humus doubtless possesses the 
properties both of a peptizing agent! and a protective colloid, it is 
probable that it plays an important role in the development and 
maintenance of plasticity in many clays.2 Ries? showed that 
the addition of a 1 per cent solution of tannin to a clay noticeably 
increased the plasticity and at the same time deflocculated or 
peptized the larger aggregates. In addition, the tensile strength 
of the clay was doubled by this treatment. Acheson‘ increased 
the plasticity of clays by adding tannin and alkalies until the 
hydrous mass was completely deflocculated, after which sufficient 
acid was added to coagulate the colloids to a pasty mass. Every- 
one knows how Pharaoh increased the burdens of the Israelites by 


1 See p. 364. 

> Cf. KeprpeLuer: Chem. Ztg., 36, 884 (1912). 
’ Trans. Am. Ceram. Soc., 6, 44 (1904). 

4 Trans. Am, Ceram. Soc., 6, 31 (1904). 
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withholding from them the straw which they used in making 
bricks. It is probable that the straw served as a source of tannin 
rather than as a binding material and that the burden imposed 
consisted in their having to make bricks with less plastic material. 

Since the important thing for plasticity is relatively coarse 
particles coated with a film of colloidal matter which adsorbs 
water strongly, it should be possible to increase the plasticity 
by grinding. It is very difficult indeed to grind particles to 
ultramicroscopic dimensions; nevertheless, the plasticity of cer- 
tain clays both soft and hard has been increased appreciably by 
prolonged grinding.‘ Johnson and Blake? claim to have made a 
non-plastic china clay plastic by this means; but they attributed 
this to the flattening out of the particles rather than to 
disintegration. 

Since the bulk of the gelatinous material in clays is doubtless 
hydrous alumina and hydrous silica or an intermediate composi- 
tion, it is natural to inquire what will be the affect of addition of 
these substances to a slightly plastic clay. Cushman* found 
that when colloidal silica was added to such a clay, the air shrink- 
age and the tensile strength were increased but not the plasticity; 
with colloidal alumina, neither the air shrinkage nor the tensile 
strength was changed but the plasticity was increased; and with 
a mixture of the two hydrous oxides, both the binding power and 
the plasticity were augmented. Grout* repeated these experi- 
ments but with negative results. The experiments should be 
carried out once more, taking precautions to see that the hydrous 
oxides are deposited in the colloidal state on the surface of the 
particles of the non-clayey material. For unless the hydrous 
oxides form a coherent gelatinous film on the non-clayey matter, 
their addition in small amounts can affect the plasticity but little. 

People who do not regard the presence of suitable colloidal 
matter as a sufficient criterion for the plasticity of clays, as the 
ceramist uses the term, usually attribute the phenomenon to 
some purely chemical characteristics of the molecules of a clay 


1Sparve: “Brit. Assocn. Advancement Sci., Third Rept. on Colloid 
Chem.,’’ 131 (1920); Wautkmur: J. Am. Ceram. Soc., 10, 449 (1927). 

2Am. J. Sct., [2] 48, 351 (1867). 

3 Trans. Am. Ceram. Soc., 6, 7 (1904). 

4 Cf. Rims: “Clays,” 127 (1914). 
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substance,! or to plate-like structures of the particles.2 As we 
have pointed out, the evidence for the existence of a true clay is 
lacking; and there appears to be no justification for attributing 
plasticity solely to the plate-like or lamellar structure of the 
particles. While the shape of the particles may influence the 
plasticity of a clay, there is little doubt that a clayey mass entirely 
free from gelatinous colloidal matter will be plastic only as wet 
sand is plastic and, like the latter, will not burn to a coherent 
mass. 

Adsorption.—Adsorption by clays is so clearly related to their 
colloid content, that methods of determining the latter are based 
on the adsorption capacity of the clay for water, malachite green, 
and ammonia. Gile*® and his coworkers attribute 95 per cent of 
the adsorption capacity of a soil to its colloidal material and only 
5 per cent to the non-colloidal matter. The total water-holding 
capacity of a clay will be influenced also by the mode of packing 
of the non-colloidal material but this factor is probably of lesser 
importance. Bouyoucos! showed that some highly plastic clays 
will hold as much as 75 per cent of their weight of water as 
compared with only 20 per cent in some coarse sands. Rohland 
suggests that the saturation point is reached when sufficient 
water is taken up to convert the colloids into the sol form. A 
thoroughly dried clay is very hygroscopic, adsorbing moisture 
from the atmosphere sometimes up to 15 per cent of its weight 
without becoming appreciably moist. 

In the manufacture of ceramic ware, it has been found that 
each kind of clay requires a fairly definite amount of water for 
satisfactory manipulation. Since no certain method has been 
devised for ascertaining when the correct proportion of water has 

tHg., Asca and Ascu: “The Silicates in Chemistry and Commerce,” 
London. 

2 Jounson and BuaKkn: Am. J. Sci., [2] 48, 351 (1867); BrepERMANN and 
HeErzrevp: Ries’ “Clays,” 123 (1914); Coox: N. J. Geol. Survey, Rept. on 
Clays, 287 (1878); Voat: Compt. rend., 110, 1199 (1890); Bourry: ‘‘Trea- 
tise on Ceramic Industries,’”’ London (1911). 

’GitE, Mippieron, Roprnson, Fry, and AnpErson: U. S. Dept. Agr. 
Bull. 1193 (1924), 

4 Colloid Symposium Monograph, 2, 132 (1924); Kina: Wis. Agr. Exp. 
Sta., 6th Rept., 189, (1889); Anway and McDous: J. Agr. Research, 9, 
27 (1917). 

5 Briags and Suanrz: U. S. Dept. Agr. Bur. Plant Ind. Bull. 230 (1912). 
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been added, this must be left to the workman. The usual 
method consists in adding enough water to make a paste that 
readily receives the impression of the fingers but does not stick 
to the skin. When water is added slowly to a moderately 
plastic dry clay in increasing quantities, the clay can be molded 
with difficulty at first, then more easily, and finally with the 
greatest facility. After this point is reached, more water causes 
it to become sticky and finally fluid. A highly plastic clay 
subjected to the same treatment becomes sticky and cannot be 
worked unless some non-plastic material is added. 

Clay, like the hydrous oxide gels, shrinks on drying, the amount 
depending on the water content which, in turn, depends on the 
amount and nature of the colloidal matter. In order that 
ceramic ware may not warp or twist during the drying, it is 
essential to keep down the shrinkage as low as practicable. This 
is accomplished by the addition of suitable non-plastic material 
in amounts short of that which will seriously reduce the strength 
of the product. Ries! gives figures on a Herbertsville, N. J. clay 
which show that the addition of 40 per cent of sharp sand reduces 
the amount of water required for molding, more than 50 per cent. 
At the same time, the air shrinkage is reduced 38 per cent 
but this is accompanied by a loss of 40 per cent in tensile strength. 

The adsorbing power of the colloidal matter of clay for salts was 
recognized almost 80 years ago by Way? who pointed out also 
that the clay substance adsorbs the basic ion more strongly than 
the acid ion, a fact that has been confirmed repeatedly. The 
significance of this adsorption by soil colloids for conserving plant 
foods and for the production of soil acidity has been discussed 
elsewhere.* 

Clays adsorb aniline blue, rosaniline, carmine, malachite green, 
fluorescene, aurin, and other animal, vegetable, and tar colors in 
amounts that have been assumed to be proportional to the 
amount of colloid matter in the clay. Indeed, the power of a 
clay to adsorb malachite green‘ has been used for the quantitative 
estimation of colloid content. In view of the marked effect of 

1 “Clays,”’ 157 (1914). 

2 J. Roy. Agr. Soc., 11, 313 (1850). 

3’ Wetser: ‘‘The Hydrous Oxides,” 403-414 (1926). 

4 Asuuey: U, S, Geol. Survey Bull, 388, p. 65 (1909). 
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the hydrogen ion concentration on the adsorption of gels such as 
those of the hydrous oxides,! it is obvious that the method cannot 
give comparable results unless the composition of the colloidal 
matter of the clays compared, is nearly the same and unless the 
dye adsorption is measured at the same hydrogen ion concentra- 
tion. Gile and his coworkers? calculate the colloid content from 
a determination of the adsorption capacity of a sample of soil and 
of the colloidal material extracted from the soil. In this case, 
also, the adsorptions must be determined at the same hydrogen 
ion concentration if accurate results are to be obtained. 

Deflocculation and Flocculation.—When a soft clay is shaken 
with water, the colloidal matter forms a sol consisting of nega- 
tively charged particles. The deflocculation is facilitated by 
the presence of electrolytes with strongly adsorbed anions such 
as an alkali hydroxide, carbonate, or silicate and is retarded or 
prevented by electrolytes with relatively strongly adsorbed 
cations. 

It is well known that clayey matter carried to the sea by rivers 
is deposited quickly on reaching salt water, only a small fraction 
being carried to deep waters.* Hall and Mouson?‘ determined the 
precipitation value of various chlorides, sulfates, and nitrates on 
a colloidal clay. The order of precipitating power of the cations 
beginning at the greatest is: hydrogen, aluminum > calcium, 
barium, magnesium > potassium > sodium; and the order of 
stabilizing power of the anion is: hydroxyl > sulfate > nitrate > 
chloride.> The order of a series of acids beginning with hydro- 
chloric, which has the highest precipitating power, is: hydrochloric 
> nitric > sulfuric > mono-, di-, and trichloracetic > acetic > 
oxalic, tartaric > amido acetic, citric, and phenol. The last three 
are without precipitating action. Bradfield® found a clay to be 
precipitated at about the same hydrogen ion concentration for 
hydrochloric, sulfuric, phosphoric, and acetic acids but a greater 
acidity was necessary with citric acid. 

1 Weiser and Porrmr: J. Phys. Chem., 31, 1383, 1704 (1927). 

7U.S. Dept. Agr. Bull. 1198 (1924). 

* Murray and Irvine: Proc. Roy. Soc. Edinburgh, 18, 229 (1891). 

Ay. Agr. Sct., 2,201 (1907). 


°Cf., also, Kermack and Wiiutamson: Proc, Roy. Soc. Edinburgh, 45, 
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CLAY 361 


In line with Hall and Mouson’s observations, Bradfield found 
that 1.4 milliequivalents of potassium are required to precipitate 
a certain clay sol when present as chloride, and 14 milliequiva- 
lents as hydroxide, while 10 milliequivalents of potassium are 
necessary with a mixture consisting of 19 parts of chloride and 1 
part of hydroxide, and 14 millequivalents with a mixture of 18 
parts chloride and 2 parts hydroxide. The precipitation value 
of potassium chloride is but one-tenth that of potassium hydrox- 
ide since chloride ion is absorbed much less strongly than hydroxyl 
by colloidal clay. Mixtures of potassium chloride and hydroxide 
effect coagulation at some intermediate value. Obviously, the 
effect of hydroxyl ion will be much greater at relatively low 
concentrations on account of the proportionately greater adsorp- 
tion; and above the saturation value for the adsorption of 
hydroxyl ion, which is reached sharply in the case of a strong 
adsorbent for a strongly adsorbed ion, the precipitation value 
of potassium ion is fairly constant. Another factor which 
may come in is that the presence of the strongly adsorbed 
hydroxyl ion, above the normal saturation value, may increase 
the adsorption of the precipitating cation to such an extent that 
the rate of precipitation in the presence of the mixture is greater 
than that of the same concentration of salt without any added 
hydroxide. This is apparently what happens in certain cases. 
Thus Mattson! finds the order of precipitating power of calcium 
compounds for a clay to be: chloride > sulfate, bicarbonate > 
hydroxide; but with slightly more than the precipitation value of 
calcium hydroxide, the rate of precipitation is faster than with 
salt concentrations considerably above the precipitation value. 
Similarly, low concentrations of sodium hydroxide stabilize a 
clay sol as evidenced by the higher concentration of calcium 
sulfate required for flocculation. But if the concentration 
of sodium hydroxide is as great as 0.002 N ina 1 per cent clay, the 
rate of precipitation is appreciably greater than with calcium 
sulfate alone, even when the concentration of the latter is 
considerably above its precipitation value in the absence of 
sodium hydroxide. Apparently, above a certain concentration, 
the influence of hydroxyl ion in increasing the adsorption of the 
precipitating calcium ion predominates over its own stabilizing 

1 Kolloidchem. Beihefte, 14, 241 (1922). 
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action. The deflocculating power of calcium hydroxide is less 
marked than that of the alkali hydroxides because of the relatively 
strong precipitating action of calcium ion.! Comber? attributes 
the abnormal flocculating power of calcium hydroxide above a 
certain concentration to its coagulating action on emulsoid matter 
such as silica that has a stabilizing action on the clay sol.* 

In the preparation of pottery by the casting process, a heavy 
suspension of a suitable clay and non-plastic material, the clay 
slip, is poured into plaster of paris molds which absorb water from 
the suspension giving a solidified layer of the clayey material. 
The slip is left in the molds for a long enough time to give the 
desired thickness of wall, and the excess is then poured out. In 
view of what has been said concerning the relationship between 
water content of clay and shrinkage, it is important to keep the 
water content of the clay body as low as possible. This is 
accomplished by the addition of deflocculating electrolytes such 
as sodium hydroxide, sodium carbonate, and sodium silicate, 
the negative ions of which are adsorbed by the particles giving 
them a negative charge. In this way a slip may be prepared 
which is readily poured or cast, even though it contains less 
water than a stiff mass of clay and water without a deflocculating 
agent. 

The pH value at which clay particles attain a maximum charge 
is lower for sodium silicate solutions than for sodium hydroxide 
or sodium carbonate. This is illustrated by Fig. 39* in which 
the relative time of flow of a kaolin slip through an efflux vis- 
cosimeter is plotted against the sodium oxide content of the 
several deflocculating solutions. The greater deflocculating 
action of the silicate solutions is probably due to the presence of 
colloidal silica which adsorbs sodium ions, thus disturbing their 
equilibrium with the hydroxyl ions and allowing the latter to be 
adsorbed more readily by the clay particles than would be the 
case from a sodium hydroxide or carbonate solution. It is 
therefore necessary to specify the deflocculating agent employed 

1 Cf. Joseru and Oaxiey: Nature, 117, 624 (1926). 

2J. Agr. Sci., 10, 426 (1920); 11, 450 (1921); 12, 372 (1922); Nature, 118, 
412 (1926). 

3 Cf., also, Harpy: J. Phys. Chem., 30, 254 (1926); Kermack and Wi- 
LIAMSON: Nature, 117, 824 (1926); Proc. Roy. Soc. Edinburg, 47, 202 (1927). 

4 McDoweE tu: J. Am. Ceram. Soc., 10, 225 (1927). 
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when giving the pH value at which a clay slip possesses its 
maximum fluidity. Silica sol alone does not serve as a defloc- 
culating agent for clay.! 


NaOH | eet» # 


pH Value of Slip 


“Relative Time of Flow 


8 
Per Cent Additions of Na,O 


Fic. 39.—The action of deflocculating agents on a Florida kaolin. 


The addition of a little acid to a clay slip causes it to floeculate 
to a stiff mass which will not fall from an inverted vessel. Bigot? 
has recently studied the effect of adding electrolytes to a number 
of semifluid clay suspensions prepared by grinding the several 
clays to an impalpable powder and mixing with water. The 

1 KeRMACK and WiiirAmson: Proc. Roy. Soc. Edinburgh, 47, 202 (1927). 

2 Compt. rend., 178, 88 (1924). 
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electrolytes employed were the common mineral acids and 
alkalies, and the chlorides, carbonates, and silicates of ammo- 
nium, sodium, and potassium. In some cases a gel was obtained 
and in other cases a sol, the reason for which could not be 
explained. Unfortunately, the recorded data are too qualitative 
for anyone to interpret. Bigot merely added a ‘‘few drops”’ 
of the several electrolytes (unspecified concentration) to suspen- 
sions (unspecified concentration) of clays of unknown composi- 
tion. So far as the mechanism of the deflocculation-flocculation 
process is concerned, his observations are valueless, therefore, 
except as an illustration of the kind of qualitative experimentation 
that is not helpful. It is well known that clays which contain 
appreciable amounts of soluble salts such as the sulfates of 
calcium and magnesium are difficult to deflocculate because of 
the precipitating action of the cation. On the other hand, clays 
containing protective colloids such as humus are easily defloc- 
culated. In technical practice, tannin is sometimes added to 
facilitate the deflocculating action of the electrolytes and to 
increase the stability of the slip.! 

The addition of a small amount of alkali to a clay containing 
a considerable quantity of humus effects rapid deflocculation, but 
at higher concentration of alkali, a stiffening of the fluid material 
may result which is followed in a short time by a reliquefying 
of the mass. Neubert? has investigated these phenomena and 
quite correctly attributes the initial peptization to adsorption of 
hydroxyl ion which is greater in the presence of humus than in its 
absence. The stiffening at higher alkali concentrations is 
attributed in part to flocculation of the particles and in part to 
imbibition of water-by the humus substances in the interior of the 
clay particles. This action on the deeper-lying layers liberates 
the humus which can again repeptize the clay particles and by 
interaction with humus, the alkali concentration is brought 
below the concentration range, where it exerts a sensible coagula- 
tion. The result is the reliquefying of the paste. At still higher 
concentrations, the mass does not undergo repeptization owing 
to exhaustion of the humus material. 

1See p. 356. 


* Kolloidchem. Beihefte, 4, 261 (1918); cf. Fopor and Scnonnrexp: Ibid., 
19, 1 (1924). 
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CHAPTER XXII 


THE COLLOIDAL CARBONATES, PHOSPHATES, CHRO- 
MATES, AND ARSENATES 


CoLLOIDAL CARBONATES 


Neuberg! prepared sols of the carbonates of calcium, strontium, 
barium, and magnesium by conducting carbon dioxide into a 
solution of the oxides of the respective metals in methyl alcohol. 
For example, from a solution of barium oxide in the alcohol, 
carbon dioxide threw down a thick gel which was subsequently 
peptized, giving a transparent sol of the consistency of thick 
collodion. On concentrating the sol by evaporation in vacuum, 
it set to a jelly which was repeptized by shaking with methyl 
alcohol. Evaporation to dryness gave a transparent celluloid- 
like mass. 

Buzdgh? modified Neuberg’s procedure by passing dry carbon 
dioxide for several hours into a suspension of the ignited oxides in 
methyl alcohol and filtering off the residue. The clear sol could 
be diluted with alcohol, ether, benzene, and chloroform without 
coagulation. Acetone and carbon bisulfide gave flocculent 
precipitates and a little water caused the sol to set to a jelly from 
which crystals of the metallic carbonate separated in a short time. 
The dispersed phase of the sols was found to be not the normal 
alkaline earth carbonates but the dimethyl carbonates of the 
metals. The latter salts were obtained in a pure crystalline 
state by conducting carbon dioxide for several hours into methyl 
alcohol containing the finely divided oxides in suspension. 

To prepare sols of the normal carbonates Buzdgh passed 
carbon dioxide into a suspension of the metallic hydroxides in 
methyl alcohol and filtered off the residue. The alcohols were 

1 Nevuperc and Nemmann: Biochem. Z., 1, 166 (1906); Neuppra and 
Rewa.p: Kolloid-Z., 2, 321 (1908); Neusnre: Sitzwngsber. akad. Wiss., 
Berlin, 820 (1907). 

2 Kolloid-Z., 38, 222; 39, 218 (1926). 
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converted to hydrosols by dialyzing against water. A more 
satisfactory method of preparing the hydrosols consists in 
decomposing the dimethyl carbonates of the metals with a small 
amount of water. These sols contain, besides the insoluble 
alkaline earth carbonate, some soluble bicarbonate and methyl 
alcohol which can be removed by dialysis. A study was made of 
the constitution and properties of a barium carbonate hydrosol 
prepared in this way. To prevent the sol from becoming basic, 
the dialysis was stopped before all of the bicarbonate was 
removed. In order to make the barium and carbonate content 
exactly equivalent, sufficient barium hydroxide was added to 
convert into carbonate the bicarbonate which was known to be 
present from an analysis of the supernatant liquid after coagulat- 
ing a sample of the sol. Even when the amounts of barium and 
carbonate were equivalent, the intermicellar liquid was found to 
contain bicarbonate ion from hydrolysis of carbonate: Coy a 
HOF HCO, + OH’. The constitution of the colloidal parti- 
cles was deduced to be 
{ (BaCO;).[Ba(OH)e], - Ba; }2"* 

with which are paired 2n HCO, ions. From the specific con- 
ductivity of a certain sol and its ultrafiltrate together with the 
mobilities of the colloidal particles and HCO, ions and the con- 
centration of BaCO;, Ba’, and HCO}, it was calculated that 
when n = 2, x = 120. The constitution of the particle was 
formulated [120BaCO;- Ba(OH).: Ba’'}*+, associated with two 
HCO, ions. The barium carbonate content of the particles 
was found to decrease with dilution and to increase with particle 
size, aS one would expect. 

While the above method may give the number of single 
molecules in a colloidal particle it would be well to have an 
independent confirmation by determining ultramicroscopically 
the number of particles in a given volume of a sol of known 
concentration. Since the barium carbonate sols contain par- 
ticles of widely varying size, it is obvious that average values only 
will be obtained by either method. 

While there is no objection to expressing the supposed composi- 
tion of a colloidal particle by a formula, it should be recognized 
that colloidal particles, in general, are not complex ions of definite 
composition such as a cobalt amine cation or ferrocyanide anion. 
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The barium carbonate particle is a finely divided portion of solid 
that adsorbs the divalent barium ions more strongly than the 
univalent bicarbonate ions and so assumes a positive charge 
The number of barium carbonate molecules in one of the solid 
particles will vary, of course, with the size and density of the 
particle which, in turn, are determined by the conditions of 
precipitation, the concentration, and the purity of the sol. 
While some may regard this view as too indefinite, it is quite as 
definite as is the composition of the colloidal particle which is 
determined by a number of variable factors that have not been 
evaluated quantitatively. 

Barium carbonate sol is sensitive to the action of electrolytes. 
Since the particles show considerable variation in size, the sol 
can be precipitated fractionally by the step-wise addition of 
electrolytes, especially those with high precipitating power such 
as alkali hydroxide, sulfate, and iodate. It is claimed that 


TasLe LII.—FRaAcTIONAL COAGULATION OF BARIUM CARBONATE 
(Five cubic centimeters of sol mixed with 5 cubic centimeters of electrolyte) 


NaOd, BaCO;, Li.SO,, BaCOs, 
milliequivalents | not coagulated milliequivalents | not coagulated 
per liter millimols per liter millimols 
0.0 125.6 0.0 126.6 
0.25 123.8 1.0 121.8 
0.50 121.2 2.0 98.8 
1.00 91.8 2.5 73.2 
1.25 67.2 3.0 48.1 
1.50 39.1 3.5 27.5 
2.00 ane 4.5 5.2 
K.CrO,, BaCoO;, KIOs, BaCoOs;, 
milliequivalents | not coagulated milliequivalents | not coagulated 
per liter millimols per liter millimols 
0.0 126.6 0.0 126.6 
1.0 124.3 0) 125.8 
2.0 116.2 2.0 123.4 
2.5 101.8 230 Wee 
3.0 67.5 3.0 114.8 
3.5 39.1 3.5 72.4 
4.5 11.2 5.5 4.8 
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alkali halides and nitrates which precipitate only in relatively 
high concentrations do not cause fractional coagulation. It is 
much more likely, however, that the fractional coagulation with 
the latter salts is less marked and so was overlooked. Some 
observations on the fractional coagulation of the sol are given in 
Table LII and shown graphically in Fig. 40. It will be seen that 
the order of precipitating power of the anions is: OH > SO, > 


140 


— 
S 
iS 


Ba,CO3 Not Coagulated, Millimols 


Concentration of Electrolyte, Milliequivalents per Liter 


Fia. 40.—Fractional coagulation of barium carbonate sol by electrolytes. 


CrO, > 103. As usual iodate which is taken to be a univalent 
ion behaves more like a divalent ion.! 

The close relationship between particle size and fractional 
coagulation is shown by the data given in Table LIII. 

Colloidal carbonates are readily prepared by the use of protec- 
tive colloids. Thus, colloidal carbonates of mercury,? lead, and 
silver* are formed in the presence of the so-called protalbinates 

1 Cf. Wiser and Mippieron: J. Phys. Chem., 24, 51 (1920.) 

*Leuzn: “Zur Kenntnis kolloidaler Metalle und ihrer Verbindungen”’ 
21, 28. 

* Paau and Voss: Ber., 37, 3862 (1904), 
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and lysalbinates of sodium, and colloidal calcium carbonate by 
precipitation in the presence of albumin, gelatin, and peptone. ! 


Tasie LITI.—RELATION BETWEEN FRACTIONAL COAGULATION OF BARIUM 
CARBONATE AND PARTICLE SIZE 


K.SO, in 5 cubie centi- 
meters added to 5 cubic 
centimeters of sol, 


Average diameter of 
BaCoO;, not coagulated | particles in the uncoag- 
ulated sol, uu 


milliequivalent 
0.0 147.2 198 
0.4 143.0. 178 
0.8 128.0 148 
ake) (0 89 
1.6 28.0 77 


COLLOIDAL PHOSPHATES 


The slightly soluble orthophosphates of the alkaline earths and 
lead are precipitated in a gelatinous form by the interaction of 
alkali phosphate and the alkaline earth halides. Sols of these 
compounds have not been prepared in the absence of protective 
colloids. De Toni? made a sol of calcium orthophosphate by 
mixing hot solutions of sodium phosphate and calcium chloride 
in the presence of gelatin, gum arabic, blood serum, and starch. 
A sol is formed, also, by mixing dilute solutions of phosphoric 
acid and calcium hydroxide in the presence of gelatin. Hatschek® 
obtained rhythmic bands of calcium phosphate by allowing cal- 
cium chloride to diffuse into a gelatin gel containing normal 
sodium phosphate. Phosphate clays possessing the properties 
of typical colloidal gels have been described by Elschner.* 

Colloidal silver orthophosphate is formed by mixing 0.05 
normal solutions of silver nitrate with a slight excess of 0.05 
normal sodium phosphate or sodium hydrogen phosphate.°® 
The sol precipitates slowly on standing but it may be stabilized 
by adding sodium ‘‘lysalbinate”’ or ‘“protalbinate.’’® 

1 SABBATANI and SALVIOLI: Attt. r. ist. Veneto, 71, II, 1057 (1912); Chem. 
Abstr., 10, 1356 (1916). 

2 Kolloid-Z., 28, 145 (1921). 

3 Kolloid-Z., 27, 225 (1920). 

4 Kolloid-Z., 31, 94 (1922). 

5 LorrerMoser: J. prakt. Chem., [2] 72, 39 (1905). 

6 Paat and Voss: Ber., 37, 3862 (1904). 
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CoLLOIDAL CHROMATES 


Colloidal solutions of silver chromate are formed by bringing 
together silver nitrate and potassium chromate in the presence of 
gelatin or sugar.' It is probable that the chromates of lead, 
silver, and barium will form sols under similar conditions since 
they are less soluble than the silver salt. Lead chromate is 
peptized by a boiling concentrated solution of potassium nitrate.” 
When lead sulfate suspended in potassium nitrate solution is 
treated with potassium chromate, lead chromate is precipitated 
as a fluorescent greenish sol.* 

The phenomenon of rhythmic precipitation was discovered in 
connection with silver chromate when Liesegang* placed a drop 
of silver nitrate on a glass plate coated with moist gelatin con- 
taining a small amount of potassium dichromate and obtained 
the series of rings now so well known. A similar experiment can 
be carried out in a test tube, giving the so-called rhythmic bands. 
Numerous investigations with silver chromate and many other 
substances have been carried out with the end in view of deter- 
mining the mechanism of the banding process. Ostwald® 
attempts to explain the phenomenon by assuming that the silver 
chromate in Liesegang’s original experiment remains in super- 
saturated solution, diffusing along with the silver nitrate until the 
metastable limit is reached when precipitation occurs. This 
ingeneous hypothesis has proven inadequate since the apparently 
clear spaces were found by microscopic examination to contain 
some very fine crystals which would prevent supersaturation. °® 
Bechhold’ believes that the precipitate which constitutes the 
bands is slightly soluble in the reaction product and hence that 


1 Lopry DE Bruyn: Ree. trav. chim., 19, 236 (1900); Ber., 35, 3079 (1902). 

2 OFCHSNER DE ConinckK: Bull. acad. roy. méd. Belg., 665 (1909). 

3 MinBAumnR and Koun: Chem. Ztg., 48, 1145 (1922). 

4 Phot. arch., 37, 321 (1896); ‘‘Chemische Reaktionen in Gallerten,’”’ 
Dusseldorf (1898); Z. anal. Chem., 50, 82 (1911); Kolloid-Z., 9, 296 (1911); 
12, 74, 269 (1913); 16, 76 (1915); Z. physik. Chem., 88, 1 (1914). 

°“Tehrbuch allgemeinen Chemie,” 2nd ed., 2, 778 (1911); cf. Norsoom: 
Kolloid-Z., 32, 247 (1923). 

6 Cf. HarscueK: J. Soc. Chem. Ind., 30, 256 (1911); Kolloid-Z., 8, 193 
(1911); 10, 124 (1912); 14, 115 (1914); Proc. Roy. Soc. (London) 99 A, 
496 (1921). 

™Z. physik. Chem., 52, 185 (1905). 
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new bands can form only after a point is reached where the con- 
centration of the reaction products is sufficiently low. Wolfgang 
Ostwald! merely restates Bechhold’s view when he says that 
probably all reactions giving Liesegang rings are balanced reac- 
tions, precipitation of a ring depending on certain critical con- 
centrations of all the reactants. Bradford? suggests that one of 
the reacting solutes is adsorbed by the growing precipitate, thus 
giving zones which are practically free from it. Holmes? attri- 
butes the phenomena to the conditions affecting the rate of dif- 
fusion. He points out that, according to Fick’s law, the rate of 
diffusion is greatest when the difference in concentration of the 
ions in question in two contiguous layers is greatest, that is, 
just below the front of a precipitation band. As a result, the 
region near the band decreases in concentration of negative ion, 
for example, faster than does the space below. Finally, the 
positive ions have to advance some distance beyond the band to 
find such a concentration of negative ions that the solubility of 
the salt is exceeded and precipitation occurs with the formation 
of a new band. Fricke* likewise takes the position that Fick’s 
law of diffusion lies at the basis of allrhythmic banding. Fischer 
and McLaughlin® are of the opinion that the diffusion may be 
interrupted temporarily by the formation of semipermeable 
membranes. 

Just as the supersaturation theory is inadequate, so a theory 
which assumes a balanced reaction will not account for the fact 
that quite insoluble substances will form rhythmic bands under 
suitable conditions.® Hatschek’ obtained rings of silver chromate 
in silica gel which were found to consist of two modifications of 
the salt; red or yellow needles, and larger crystals bluish violet in 
color. The remarkable fact was noted that many rings lie in the 


1 Kolloid-Z. (Zsigmondy Festschrift) 36, 380 (1925). 

2 Biochem. J. 10, 169 (1916); 11, 14 (1917); 14, 29, 474 (1920); 15, 554. 
(1921); Kolloid-Z., 30, 364 (1922). 

3 J. Am. Chem. Soc., 40, 1187 (1918). 

4Z. physik. Chem., 107, 41 (1923); cf., also, Witt1AmMs and MacKegnzin: 
J. Chem. Soc., 117, 844 (1920). 

5 Kolloid-Z., 30, 13 (1922); Trause and Taxkrnara: Kolloid-Z., 36, 
245 (1924). 

6Cf. Braprorp: Alexander’s ‘‘Colloid Chemistry,” 795 (1926). 

7 Kolloid-Z., 38, 151 (1926). 
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still yellow-colored gel and therefore the complete exhaustion of 
the reacting components in the gel under the last ring is not a 
necessary condition for the formation of another ring. This 
observation would seem to disprove the general validity of the 
theories of Bradford, of Holmes, and of Fischer and McLaughlin. 
Moreover, none of the theories take into account the specific 
effect of the jelly which appears to play an important role in 
certain cases as evidenced by the fact that rhythmic bands of 
certain salts are formed only in certain jellies. Thus, silver 
chromate forms bands in gelatin jellies but not in agar while 
lead chromate forms bands in agar but not in gelatin. 

Instead of regarding Liesegang ring formation as essentially a 
phenomenon of supersaturation it seems advisable to follow up 
the suggestion of Sen and Dhar! who consider the rings to result 
from the periodic coagulation of a peptized sol. This avoids the 
two difficulties that crystals are present in the apparently empty 
spaces between the bands and that the nature of the jelly has an 
effect. While the details of the hypothesis still must be worked 
out, the suggestion furnishes a new point of attack on an old 
problem that has never been solved satisfactorily. 


Lead chromate is a valued yellow pigment known as chrome 
yellow. The color varies from a light yellow to orange, depend- 
ing on the conditions of precipitation and the subsequent treat- 
ment. The canary yellow product thrown down from a chromate 
solution with lead acetate or nitrate changes to an orange on 
washing. ‘To maintain the desired yellow tone the precipitation 
is carried out in the presence of sulfate so that lead chromate and 
lead sulfate come down simultaneously. The role of the lead salt 
has been attributed by Habich? to the formation of a double 
salt PbCrO,- PbSO, or PbCrO,-2PbSO, but the existence of 
such compounds has not been established. Jablezynski® attri- 
butes the stabilizing action of lead sulfate to lead ions which cut 
down the hydrolysis of lead chromate thereby preventing the 
formation of “chrome red,” Pb2(QH)2CrOy. This hypothesis 


' Kolloid-Z., 34, 270 (1924); Duar and Cuarrerst: [bid., 37, 89 (1925); 
Ganeuty: J. Phys. Chem., 31, 481 (1927). 

*See AMSEL: Z. angew. Chem., 9, 613 (1896). 

3 Chem. Ind., 31, 731 (1908). 
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appears untenable since lead sulfate exerts no stabilizing action 
unless if is precipitated simultaneously with the chromate. 
Moreover, lead sulfate is itself highly hydrolyzed! and it is not 
obvious how it could prevent the hydrolysis of the chromate. 
Gobel? suggests that the lead sulfate prevents the coalescence of 
the fine yellow particles of lead chromate into larger particles 
which are darker in color.* This very plausible suggestion is 
treated lightly by Milbauer and Kohn* who conclude from a 
microscopic examination of the crystals and the action of solvents 
on them, that the stable yellow pigment is a solid solution of lead 
sulfate and lead chromate. Since lead sulfate is more soluble 
than lead chromate, the former has a greater tendency to come 
down in crystals from dilute solution than the latter. For this 
reason, it is argued that the technical production of chrome yellow 
is carried out in very dilute solutions and with continuous stirring 
in order to induce the simultaneous precipitation of the sub- 
stances as mixed crystals. 

The observations of Milbauer and Kohn are not altogether 
convineing. The color of lead chromate is determined by the 
size of the particles and by the extent to which the basic salt 
“chrome red” is formed. Since the lead chromate-lead sulfate 
precipitate remains yellow, it means either that the particles 
which come down yellow do not grow on standing or the chromate 
does not hydrolyze. It is not obvious how the formation of a 
solid solution prevents these phenomena. On the other hand, 
if the chromate particles are surrounded by an adsorbed film of 
lead sulfate as suggested by Gobel, the stabilization is readily 
explained. 

The products known as the ‘chrome reds” are bright 
red pigment formed by adding basic lead acetate to a solu- 
tion of alkali chromate. Between these and the various 
“yellows” a large number of shades of chrome orange may 
be obtained. 


1 DotezaLEK: Z. Elektrochem., 6, 335 (1889); 6, 557 (1900). 

2 Chem. Ztg., 23, 544 (1899). 

3 Cf. Free: J. Phys. Chem., 18, 114 (1909); Bock: Farben-Ztg., 25, 761 
(1920); Waaner and Kerpe.t: J/bid., 31, 1567 (1926). 

4 Z. phystk. Chem., 91, 410 (1916); Chem. Ztg., 46, 1145 (1924). 
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CoLLoIpAL ARSENATES 


The addition of excess ferric chloride to a normal solution of 
disodium arsenate gives a sol which is said to be Fe2(HAsOs); 
but which may be, at least in part, an adsorption complex of 
hydrous ferric oxide and arsenic oxide. This sol is precipitated 
as a jelly either by dialysis! until the concentration of the stabiliz- 
ing hydrogen ion is reduced below a critical value or by the 
addition of a precipitating electrolyte.2. The so-called aluminum 
arsenate sol prepared in the same way as the iron sol exhibits 
similar properties.” 

As has been seen in the first chapter of this volume,* von 
Weimarn’s theory tells us that mixing dilute solutions which 
interact at once will not give a jelly since the percentage super- 


saturation U = =) is too small because of the small value of P. 


As a matter of fact, however, jellies have been obtained under 
certain conditions by mixing quite dilute solutions in which P 
is small and in which LZ is sufficiently large that precipitation is 


slow and quantitative precipitation impossibie so that ie U is 


quite small. It is quite possible to obtain a gelatinous precipitate 
by mixing dilute solutions of two salts which precipitate imme- 
diately (P small, but L very small) but a jelly will not form under 
these conditions. The reason is evident when we consider the 
impossibility of getting the instantaneous mixing of the solutions, 
which is essential for uniform precipitation throughout the solu- 
tion. One part is precipitated before another is mixed with the 
precipitant and the homogeneity which is characteristic of a 
jelly is lost. Moreover, the mixing itself will tend to destroy 
the jelly structure. The results are therefore not unlike those 
obtained when a colloid, capable of forming a jelly by slow pre- 
cipitation, is coagulated too rapidly by the addition of excess 
electrolyte. To obtain a jelly from a colloidal solution it is 

1 GRimavx: Compt. rend., 98, 1540 (1884); Houmms and Ruinprusz: 
J. Am. Chem. Soc., 38, 1970 (1916); Hotmes and Arnoup: Jbid., 40, 1014 
(1918); Houmes and Fauu: J. Am. Chem. Soc., 41, 763 (1919). 

* Weiser and Bioxsom: J. Phys. Chem., 28, 26 (1924). 

Sh al 


‘P is the amount of supersaturation at the moment precipitation begins 
and L is the solubility of the salt. 


CARBONATES, CHROMATES, AND ARSENATES 377 


necessary to add such an amount of electrolyte that thorough 
mixing is possible before appreciable coagulation takes place. 
From these considerations it follows that precipitation of a 
hydrous substance as a result of double decomposition might form 
a jelly instead of a gelatinous precipitate in case the thorough 
mixing of the solutions could be effected before precipitation 
began and in ease the precipitation, once started, proceeded at a 
suitable rate. Such conditions do not obtain as a rule; but they 
are quite possible theoretically. Thus the precipitation may be 
the result of a step-wise reaction, one step of which proceeds 
at a suitably slow rate. It is further possible to have a reaction 
that proceeds very slowly at low temperatures but with marked 
velocity at higher temperatures. This would not only allow of 
mixing without precipitation but would enable one to control the 
subsequent rate of reaction by a suitable regulation of the 
temperature. 

Such a favorable combination of circumstances apparently 
obtains when a manganese salt of a strong acid and KH2AsO, are 
mixed. The latter salt ionizes thus: 

KH,AsO, @ K + H,As0O; 
but on account of the solubility of Mn(H.AsO,). no Mn ions are 
removed from solution by interaction with H,AsO;. The latter 
ion, however, undergoes secondary ionization to a slight degree 
as follows: 
H.AsO, @ H’ + HAsO?’ 
and insoluble MnHAsO, is formed in accord with the following 
reaction: r 
Mn + HAsO? = MnHAsO,! 

Since the precipitation of MnHAsO, is accomplished by the 
formation of an equivalent amount of free hydrogen ion in 
solution, an equilibrium is set up which prevents the complete 
precipitation of the manganese. The amount of MnHAsO, 
formed, however, and the rate of formation by the above process 
are apparently influenced to a marked degree by the temperature, 
so that good jellies can be obtained by mixing dilute solutions of 
the necessary salts in the cold and allowing the mixture to stand 
at room temperature or warming to a suitable temperature. 
This has been demonstrated with the arsenates of manganese, 

1 Deisz: Kolloid-Z., 14, 139 (1914). 
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cobalt, ferrous iron, cadmium, and zine.! The results with 
manganese arsenate are recorded in Table LIV. Solutions of 
normal manganese chloride and KH:AsO, were prepared from 
freshly boiled water. This precaution was necessary to prevent 
the formation of air bubbles in the jelly. The solutions were 


Taste LIV.—PREcIPITATION OF MANGANESE ARSENATE 


Electrolytes mixed, 
cubic centimeters Final 


volume Nature of precipitate 


MnCl, KH,AsO, 


10 10 20 Firm jelly, almost clear 
10 20 30 Firm jelly, almost clear 
10 20 50 Firm jelly, perfectly transparent 
10 20 100 Firm jelly, perfectly transparent 
10 20 200 Soft jelly, perfectly transparent 
10 20 300 No jelly 

NaH>2AsO, 
10 10 20 Cloudy jelly, not uniform 
10 10 50 Cloudy gelatinous precipitate 


cooled to 0° and suitable amounts of each were placed in 60-cubic- 
centimeter test tubes in the ratio shown in the table. The 
solutions were diluted with cold water to the final volume shown 
in column 8 or an aliquot part thereof. After rapid mixing the 
solution was set aside for 15 to 20 minutes and if jelling had not 
begun, the tube was warmed by dipping carefully into boiling 
water until precipitation started and was then allowed to stand 
quietly. The jellies obtained in this way are quite stable, show- 
ing little tendency to cloud up and erystallize on standing in the 
cold; but on heating, crystals of MnHAsQO, are formed. Good 
jellies are not obtained with Na,HAsQ, since the precipitation 
is too rapid to allow time for mixing and the formation of the 
jelly structure. 

The most important colloidal arsenates are the calcium and 
lead salts which are dusted or sprayed on plants or trees for the 
purpose of destroying insects. If the finely divided precipi- 
tated salts are suspended in water they assume a negative charge. 


1 Weiser and Bioxsom: J. Phys. Chem., 28, 32 (1924). 
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Since the surfaces of leaves possess a like charge, the insecticide 
does not adhere to them readily and is soon washed off by rain or 
dew. The particles of salt adhere much more tenaciously if they 
are prepared in such a way that they adsorb a positive ion which 
gives them a positive charge when wet. Thus, a positively 
charged basic calcium arsenate made under commercial manu- 
facturing conditions, not specified, and tested in the field was 
' found to possess an adherence from 196 to 259 per cent greater 
than the ordinary precipitated salt.! 

The lead arsenate precipitated from lead nitrate solution with 
disodium arsenate is the acid salt which does not become posi- 
tively charged under ordinary conditions. On the other hand, 
the basic salt thrown down from lead acetate solutions readily 
assumes a positive charge.” The acid arsenate is assimilated to a 
greater degree than the basic arsenate; hence the former possesses 
higher insecticidal efficiency.* The acid salt may be made 
adherent by coating the fine particles with a film of lead oleate.+ 
This is accomplished by suspending the salt in water containing a 
known amount of sodium oleate and adding an equivalent amount 
of lead acetate with vigorous stirring. The dried product is not 
wetted by water but the suspension spreads evenly on foliage 
and adheres firmly to the surface. 

Woodman? demonstrated that leaves can be wetted by a spray 
liquid provided the surface tension is reduced below a critical 
value said to be in the neighborhood of 32 dynes per centimeter.® 
This can be accomplished cheaply by the addition of a small 
amount of soap. The maximum amount of spray liquid is 
retained at the critical surface tension. At higher tensions the 
wetting of the leaves is imperfect while at lower values the wetting 
power is not increased but the spreading power is greatly aug- 
mented. After the surface tension has been reduced to the point 
where the foliage is wetted perfectly, an increase in the viscosity 

1 Moors: Ind. Eng. Chem., 17, 465 (1925); J. Hcon. Entomol., 18, 282 
(1925). 

2 Moore: Ind. Eng. Chem., 17, 466 (1925). 

3 Lovett: Oregon Agr. Expt. Sta. Bull. 169, 1 (1920); Chem. Absir., 15, 
3718 (1921). 

4Van LenuUWEN: J. Econ. Entomol., 18, 744 (1925). 


5 J. Pomology Hort. Sct., 4, 38 (1924). 
6 Cf., however, Ropinson: J. Agr. Research, 31, 71 (1925). 
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of the spray liquid causes an increase in the amount of liquid 
retained as a film by the leaves. Hence, the use of gelatin in 
concentrations of about 0.3 per cent is advantageous. More- 
over, gelatin! in concentrations between 0.5 and 0.2 per cent is a 
better stabilizer for lead arsenate sols than sodium caseinate, 
dextrin, starch, or soap. 


1 Brinuey: J. Agr. Research, 26, 373 (1923); Woopman: J. Pomology 
Hort. Sci., 4, 78, 95, 184 (1925). 
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“ Acclimatization,”’ 45 
Adsorption, 
by alumina, of ferrocyanide, 250 
by arsenic trisulfide of barium in 
presence of alkalies, 287, 291 
of barium and cerium in pres- 
ence of potassium, 282 
of barium in presence of non- 
electrolytes, 48, 49 
during precipitation, 37-43 
by barium sulfate, of anions, 186- 
189 
of cations, 183-185 
by cadmium sulfide, of chloride, 
89-93 
by clay, 358-360 
by ferrocyanides, of ferrocyanide 
ion, 241, 283, 284 
by mercuric sulfide, of anions, 97— 
100 
by silver bromide, of copper, 219 
of silver, 129-131 
by silver iodide, 
iodide, 216 
of silver salts, 215-219 
by zine ferrocyanide, 246 
during precipitation of sol, 37—50, 
97-100, 287-304 
in development of photographic 
plate, 237, 238 
isotherm with maximum, 91 
negative, of ferrocyanide ion, 284 
of sugar by copper ferrocyanide, 
266, 267 
in semipermeable 
264-267 


of potassium 


membrane, 


Adsorption, of ions, effect of hydra- 
tion on, 254-257 
effect of mobilities on, 256, 257 
effect on photochemical sensi- 
tivity, 129, 132 
preferential, of solids by liquids, 
137-139 
reversal, 99, 100 
rule, Paneth’s, 185, 187, 217, 218 
Alexander’s “patriotic test tube,” 
251 
Alumina, gelatinous, 2, 3, 250, 357 
adsorption of ferrocyanide by, 250 
sol, 50, 51 
Aluminum ‘“‘arsenate,’’ 376 
Aluminum ferrocyanide, 242 
Aluminum silicate, synthesis of, 352, 
353 
Anhydrite, soluble and _ insoluble, 


196-198 

Antagonism, ionic (See [onic antag- 
onism). 

Antimony pentasulfide, colloidal, 
60-63 


pigment, 115 
x-ray analysis of, 63 
Antimony tetrasulfide, colloidal, 62, 
63 
golden sulfide, 63, 115 
pigment, 115 
sol, uses of, 63 
x-ray analysis of, 63 
Antimony trisulfide, color of, 87-59, 
112-115 
colloidal, 56-60 
pigment, 112-115 
sol, 10, 51, 58-60 
coagulation velocity, 60 
color of, 59 
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Antimony trisulfide, uses of, 58, 114, 


115 
x-ray analysis of, 57, 1138 
Arsenates, colloidal, 376-880 
Arsenic disulfide, 18, 23 


Arsenic trisulfide, sol, precipitation 


values of electrolytes for, 
effect of non-electrolytes on, 
46-50, 52 

of stirring on, 37 


pigment, 112 
Arsenic trisulfide, colloidal, 17-55 
adsorption by, of barium in 
presence of alkalies, 287, 
291 
of barium and of cerium in 
presence of potassium, 282 
of barium in presence of non- 
electrolytes, 48, 49 
color of, 17, 18 
organosols, 18, 53-55 
in acetoacetic ester, 53-55 
precipitation by  electro- 
lytes, 58-55 
in nitrobenzene, 15, 53 
x-ray analysis of, 17 
sol, 10, 18-55, 98, 273, 287-300, 
303 
adsorption during precipitation 
of, 37-43 
chemical action, 23, 24 
coagulation, potential, 
53 
by sols, 50-53 
velocity of, 26-28 
color of, 20, 21, 51 
mixed with silver, 51 
composition, 24, 25 
density, 21-23 
electrolytes on, action of, 26-53 
light on, action of, 25, 26 
pharmaceutical action, 24 
precipitation of with mixtures, 
290-298 
precipitation values of electro- 
lytes for, 31-50 
acids, 39 
amines, 34 
and Traube’s rule, 34 
cobalt amines, 40-42 
effect of concentration of 
sol on, 48-46 


26-28 


) 


of valence of ions on, 32-36, 
287 
salts, 32-35 
preparation, 18-21 
properties, 21-26 
refractive index, 22 
sensitization of by non-electro- 
lytes, 46-50, 52 
viscosity, 22 
x-ray analysis of, 17 
Artificial vegetation, 330 


B 


Barium carbonate sol, 12, 367-371 
constitution of, 368 
fractional coagulation of by elec- 
trolytes, 369, 370 
Barium fluoride jelly, 6 
Barium sulfate, colloidal, 177-193 
adsorption by, 181-189 
of anions, 186-189 
effect of valence on, 187, 188 
of cations, 183-185 
of permanganate, 188, 189 
of radium, 184, 185 
effect of on particle size, 178— 
180 
jelly, 4, 6, 10, 11, 177, 178 
in selenium oxychloride, 177 
178 
particle size, effect of adsorption 
on, 178-180 
effect of, on solubility, 180 
on turbidity of sol, 192, 193 
physical character of, 3-6, 177-181 
pigment, 181 
precipitated, 177-189 
sol, 4, 11, 189-193 
effect of barium ion on the 
¢-potential, 190-192 
of particle size on turbidity, 
192, 198 
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Barium sulfate, sol, negative, 192 
solubility, effect of particle size 
on, 180 
Barium sulfide, phosphorescent, 156 
Base-exchange silicate gels, 324-330 
cation transfer, mechanism of the, 
326-330 
hydration of ions as a factor in, 
328 
use, 325, 326 
Bathybius, 202 
Becquerel phenomenon, 70, 71 
Bismuth trisulfide, colloidal, 63, 64 
sol, 63 
Bulk-oil process of ore flotation 
(See Flotation of ores). 
C 
Cadmium ferrocyanide, 242 
Cadmium sulfide, colloidal, 88-94 
gel, 88-93 
adsorption of chloride by, 89- 
93 
by alternating-current electrol- 
ysis, 89 
color of, 89 
x-ray analysis of, 88 
organosols, 94 
phosphorescent, 156, 169 
pigment, 115-118 
sol, 11, 98, 94 
Calcium arsenate, colloidal, 378-380 
as insecticide, 378-380 
Calcium carbonate sol, 367 
Calcium fluoride, 138 
jelly, 6 
Calcium phosphate, rhythmic bands 
of, 371 
sol, 371 
Calcium sulfate, 195-207 
gypsum-plaster of paris, 195-207 
jelly, 6, 202 
Calcium sulfate-water, system of, 
195-199 
Carbonates, colloidal, 367-371 
Cell wall, permeability of, 270-272 
influence of salts on, 307-309 


Cement, Keene's, 195 
Ceric oxide, jelly, 46 
sol, 49, 50 
Chromates, colloidal, 372-375 
Chrome reds, 374 
yellow, 374, 375 
Chromic oxide sol, 46, 50, 51 
Clay, 347-364 
adsorption by, 358-360 
of dyes, 359, 360 
of water, 358, 359 
colloidal matter in, 351, 354-358 
composition of, 349, 350 
constitution of, 350-353 
definition, 347 
deflocculation of, 360-364 
flocculation of, 360-364 
origin of, 347, 348 
plasticity of, 353-358 
action of electrolytes in forming 
and preserving, 354-356 
definition, 3538, 354 
effect of colloidal alumina on, 
357 
of colloidal silica, 357 
of grinding, 357 
of humus, 356 
of salts, 353-358 
properties of, 353-364 
sol, precipitation values of electro- 
lytes for, 360, 361 
types of, 348, 349 
Clay slip, 362-364 
Coagulation potential of 
trisulfide sol, 26-28, 53 
Coagulation velocity, 28-32, 60, 214 
Smoluchowski’s theory of, 28-31, 
214 
Cobalt amines, precipitation values 
of, for arsenic trisulfide sol, 40- 
42 
Cobalt ferrocyanide, 242 
Cobalt sulfide, colloidal, 104 
Colloidal forest, 330 
Colloidal salts, formation of, 1-13 
by condensation methods, 1-11 
metathesis, 10-11 


arsenic 
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Colloidal salts, formation of, by 
condensation methods, oxi- 
dation, 11 
replacement of solvent, 11 
von Weimarn’s theory of, 1-11 

by dispersion methods, 12, 13 

Colloidal solution, distinction from 
true solution, 274, 275 

Colloidal sulfides, 15-174 

Condensation methods of forming 
colloidal salts, 1-11 

Conduction in compounds, metallic, 
68, 69, 76 

Congo red, impermeability of parch- 
ment to anion, 282, 284 

Congo rubin sol, 32 

Cupric ferrocyanide, gel, 241, 245, 

246, 266, 267 
adsorption of anions by, 244 
negative adsorption of sugar by, 
266, 267 
uses of, 245, 246 
membrane, impermeability to fer- 
rocyanide ion, 288, 284 
nature of, 310 
reversible permeability of, 269, 
270 
sol, 12, 242-246, 299-303 
precipitation of, by 
lytes, 243-245 
mechanism of, 245 
by mixtures of electrolytes, 
301, 302 
by methyl alcohol, 245 

Cupric fluoride jelly, 6 

Cupric sulfide, chalcopyrite, 
149-152 

colloidal, 67-75 
adsorption of zine sulfide by, 68 
rhythmic bands, 71 
color of, 69 
conductivity of, 68, 69 
deposit in certain lakes, 71, 72 
sol, 10, 72-75 
aleosols, coagulation of, by 
liquids, 74, 75 


electro- 


147, 


THE COLLOIDAL SALTS 


Cupric sulfide sol, alcosols, effect 
of dielectric constant, 74, 
75 
hydrosols, 72, 73 
organosols, 73-75 
Cuprous sulfide, colloidal, 75 


D 


Dialysis, 278-282 
electro, 281 
Dialyzers, types of, 278-281 
Dispersion methods of forming col- 
loidal salts, 12, 13 
addition of peptizing agent, 12 
electrical disintegration, 12, 13 
washing out precipitating agent, 
ike 
Donnan’s theory of membrane equi- 
libria, 282-285 
“Doucil,” 326 


E 


Electrical disintegration of minerals, 
12, 13, 108 
Electrostenolysis, 70 


F 


Ferric “arsenate,’’ 376 

Ferric ferricyanide sol, 250 

Ferric ferrocyanide (See Prussian 
blue). 

Ferric oxide sol, 34, 46, 50, 59, 148, 
250, 253, 258-260, 273, 290, 
299, 300 

coagulation of Prussian blue by, 
258-260 
Ferrocyanides, colloidal, 239-310 
adsorption of ferrocyanide ion by, 
241, 283, 284 
general properties of, 241, 242 
Ferrous sulfide, colloidal, 101 
Flotation of ores, 137-155 
agglomeration process, 154, 155 
bulk-oil process, 137-140 
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Flotation of ores, frothing process, 
140-154 
action of acids in, 151, 152 
of protective colloids, 
153 
classification, 1538, 154 
mechanism of, 149-153 
preferential, 150 
’ Foam or froth, collector, 145-149 
conditions for forming, 141- 
149 
former, 141-143 
stabilizer, 143-145 
Frothing process of ore flotation 
(See Flotation of ores). 


152, 


G 


Germanium sulfides, colloidal, 107 
Glass, colloid chemistry of, 331-346 
colloidal nature of, 334-340 
below softening temperature, 
335-339 
colored by oxides, 345 
composition and properties, rela- 
tion between, 332-334 
devitrification, 340, 341 
iron in, 345 
jelly, as an elastic, 339, 340 
manganese in, 345 
opalescence, cause of, 342 
properties and composition, rela- 
tion between, 332-334 
ruby, and related products, 341- 
346 
copper, 343 
gold, 342, 348 
selenium in, 344 
silver in, 344 
types of, 332 
Gold sol, 32, 46, 79, 273 
color of, 79 
Gold sulfides, colloidal, 80-82 
auro-auric sulfide, 81 
monsulfide, 80, 81 
trisulfide, 81, 82 
Golden sulfide of antimony, 63, 115 
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Gypsum, 137, 188, 
Plaster of paris). 
Estrich, 195-197 


195-207 (See 


H 


Hydration of ions, effect on adsorp- 
tion of, 254-257 
in ionic antagonism, 289, 306 
on base exchange in silicate gels, 
328 


I 


Indium trisulfide, colloidal, 106 
Insecticides, calcium arsenate as, 
378-380 
lead arsenate as, 378-380 
Tonic antagonism, 286-310 
hydration of ions in, 289, 306 
in biological systems, 306-310 
in the neutralization of sols by 
mixtures, 288-306 
by single electrolytes, 286-288 
Iridium sesquisulfide, 109, 110 
Jron pyrites, 146, 150-152 


J 


Jelly, barium fluoride, 6 
barium sulfate, 4, 6, 10, 11, 177, 
178 
calcium fluoride, 6 
calcium sulfate, 6, 202 
ceric oxide, 46 
cupric fluoride, 6 
glass as elastic, 339, 340 
manganese arsenate, 7, 
378 
silver iodide, 6 


377, 


K 


Kaolin, 138, 348, 349 

Kaolinite, 348-353 
synthetic, 352, 353 

Keene’s cement, 195 
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L 


Latent image, 227-229, 235 
development of, 236-238 
Lead arsenates, colloidal, 378-380 
as insecticide, 378-380 
Lead bromide, 211, 220 
Lead chromate, sol, 372 
pigment, 374, 375 
Lead ferrocyanide, 242 
Lead halides, colloidal, 220, 221 
Lead iodide sol, 6, 221 
Lead sulfate, colloidal, 194 
Lead sulfides, colloidal, 66, 194 
galena, 138, 143-152 
sol, 66 
Lecithin sol, antagonistic action of 
salt pairs on, 304-306 
Liesegang rings (See Rhythmic bands). 
Lithopone, 121-136 (See also Zinc 
sulfide). 
preparation, 121-123 
uses of, 122, 132 
Lloyd’s reagent, 324 


M 


Magnesium carbonate sol, 367 
Manganese arsenate jelly, 7, 377, 378 
Manganese dioxide sol, 50, 324 
Manganese ferrocyanide, 242 
Manganous sulfide, colloidal, 104— 
106 
rose and green, 104, 105 
stability of rose, 105 
Membrane, equilibria, 
theory of, 282-285 
permeability of, 261-272, 307-310 
of cell, 307-310 
reversible, 267-272, 308-310 
semipermeable, 260-272 
adsorption theory of, 262 
atomic sieve theory of, 262 
distinction from ultrafilter, 274— 
277 
solution theory of, 263, 264 
limitations of, 264 
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Mercurie chloride organosols, 222 
Mercuric sulfide, red or cinnabar, 96 
colloidal, 94-100 
adsorption of zine sulfide by, 96 
by alternating-current 
trolysis, 94, 95 
x-ray analysis of, 94 
sol, 10, 73, 96-100 
adsorption of cations during 
precipitation of, 97-100 
reversal, 99, 100 
alcosol, 97 
medicinal use, 97 
vermilion, 118, 119 
Mercury halides, colloidal, 221, 222 
Mobilities of ions, effect on adsorp- 
tion of, 256, 257 
Molybdenite, 143-152 
Molybdenum disulfide sol in iso- 
butyl aleohol, 108 
Molybdenum sulfides, colloidal, 107, 
108 
Mutual action of sols, 50-53, 257— 
260 


elec- 


N 


Nernst-Noyes equation, 2 
Nickel ferrocyanide, 242 
Nickel sulfide, colloidal, 101-104 
ageing of, 102 
sol, 102-104 
constitution of, 103 
in test for. nickel, 104 


O 


Ore flotation (See Flotation of ores). 
Organosol, arsenic trisulfide, 18, 53- 
55 
cupric sulfide, 73-75 
mercuric chloride, 222 
mercuric sulfide, 97 
silver sulfide, 80 
Osmium tetrasulfide sol, 109 
Ostwald ripening, 12, 179, 180, 214 
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td 


Palladium monosulfide sol, 109 

Paneth’s adsorption rule, 185, 187, 
217 

“Patriotic test tube,’ Alexander’s, 
251 

Permeability of membranes, 261— 
272 (See Membranes, permeabil- 
ity of, etc.). 

“Permutit,’”? 325-330 

Phosphates, colloidal, 371 

Phosphorescence center, nature of, 

170-172 
Phosphorescence, 
168-172 

processes, 165, 166 

Phosphorescent sulfide (See Phos- 

phors). 

Phosphors, application of, 172-174 
crystal structure, 161-163 
essential components, 157-161 

flux, the, 160, 161 
heavy metal impurity, the, 157- 
160 
sulfide, the, 157 
formation, 156-161 
phosphorescent light, 163-168 
decay of, 167 
spectrum of, 163-165 

Photographic emulsions, 229-231 

Photographic sensitivity, 231-235 
effect of silver ion, 235 
effect of size of grain on, 232 
mechanism of sensitization, 234, 

235 
ripening, effect of, 231 
“sensitivity substance,’’ 232-234 

Photography, 223-238 

Photo-halides, 226, 227 

Pigments, 111-120 
antimony tetrasulfide, 115 

uses of, 115 
antimony trisulfide, 112-115 
color of, 113 
effect of size of particles on, 
1138 


mechanism of, 
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Pigments, antimony trisulfide, color 
of, factors influencing, 113 
uses of, 114, 115 
cadmium sulfide, 115-118 
electrolytic preparation of, 116 
variation in density and color 
of, 117 
characteristics of, 111 
lithopone, 121-136 (See Zine sul- 
fide pigments). 
mosaic gold, 119, 120 
Prussian blue, 251, 252 
stannic sulfide, 119, 120 
vermilion, 118, 119 
zine sulfide (See Zinc sulfide 
pigments). 
Plaster of paris, 195-207 
burning temperature, 196-198 
setting of, 199-207 
colloidal processes in, 202-206 
effect of gelatin and glue on, 206 
of salts on, 200-205 
LeChatelier’s mechanism of, 200 
uses of, 195-206 
Plasticity of clays (See Clays, plastic- 
ity of). 
Platinum disulfide sol, 109 
Platinum family sulfides, colloidal, 
109, 110 
Platinum sol, 46, 73 
Potassium xanthate in ore flotation, 
145, 146 
Precipitate form coefficient, 5 
Precipitation process, von Wei- 
marn’s law of corresponding 
states for, 6-8 
velocity of, 2, 3, 5, 377 
von Weimarn’s theory of, 1-10, 
376 
Precipitation of sols by salt pairs, 
288-303 
factors determining, 303 
Prussian blue, 242, 248-260, 300 
adsorption of alkali ferrocyanide 
by, 249 
pigments, 251, 252 


402 


Prussian blue, pigments, effect of 
degree of subdivision on tincto- 
rial power, 252 
rhythmic bands of, 251 
sol, 11, 12, 252-260, 273 
coagulation by ferric oxide sol, 
258-260 
by electrolytes, 254-257 
effect of hydration of ions 
on, 254-257 


R 


Rhythmic bands or Liesegang rings, 
71, 251, 371-374 
formation, theory of, 372-374 
Ringer’s solution, 306 
Ruby, cause of color, 345 


S 


Schulze’s law, 33, 183, 186 


Selenium disulfide, colloidal, 108, 
109 
Semipermeable membranes (See 


Membranes, semipermeable). 
Sensitivity of photographie plate 
(See Photographic sensitivity). 
“Sensitivity substance’”’ in photo- 
graphic plate, 232-234 
Silica sol, 46 
Silicate ‘‘garden,”’ 330 
Silicate gels, 324-330 
base exchange, 324-330 
Silicate sols, 323 
Silicates, colloidal, 310-364 
Silver sol, color of, 229 
Silver bromide, 6, 211, 212, 217, 219, 
220 
adsorption of cupric ions by, 219 
of silver ions by, 129-131 
sensitivity to light, 223-226 
BOLO nea lea les 
Silver chloride, 2, 6, 211, 212 
sensitivity to light, 223-226 
Silver chromate, sol, 11, 372 
rhythmic banding of, 372 
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Silver halides, adsorption of dyes by, 
220 
colloidal, 211-220 
in photography, 223-238 
photochemical decomposition of, 
223-226 
precipitation of, mechanism of, 
214 
sol, 10-12, 212, 213, 226-239 
latent image, 227-229 
photographie emulsions, 
231 
photo-halides, 226, 227 
velocity of coagulation, 214 
Silver iodide, 211, 213, 215-220 
adsorption by, 215-219 
effect of hydration of ions on, 
215 
of potassium iodide and silver 
nitrate, 215-217 
of silver salts, 217-219 
of thorium B and lead, 217 
in photographic emulsions, 235 
jelly, 6, 11 
sensitivity to light, 223-226 
sol, 11, 212, 213 
Silver orthophosphate sol, 371 
Silver sulfide, as photographic sen- 
sitizer, 234 
colloidal, 76-80 
sol, 11, 76-80 
coagulation of, 78 
color changes in the, 77, 78 
in pyridine, 80 
“violet value” of, 80 
Sodium chloride, gelatinous, 2 
sol, 11 
Sodium silicate solutions, 313-323 
composition of, 313, 314 
conductivity of, 314-316 
diffusion in, 322, 323 
hydrolysis of, 316-318 
osmotic activity of, 318-321 
transport numbers of ions, 321, 
322 
Stannic oxysulfide, sol and gel, 65 
Stannic sulfide sol, 65 
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Stannic sulfide, colloidal, 64-66 
adsorption by, 65 
pigment, 119, 120 
Strontium carbonate sol, 367 
Strontium sulfate, colloidal, 193, 194 
Sulfates, colloidal, 175-207 
Sulfide ores, electrical disintegration 
of, 13 
Sulfide sols, adsorption of sugar by, 
46, 47 
Sulfides, colloidal, 15-174 
Sulfur, colloidal, in ultramarine, 344 
sol, 51 
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Tellurium sulfides, colloidal, 109 

Thallous sulfide, colloidal, 106 

Thorium oxide, sol, 50 

Traube’s rule and the precipitating 
power of amines, 34 

Tungsten trisulfide, colloidal, 108 

Turnbull’s blue, 248-250 


U 


Ultrafiltration, 273-278 
apparatus, 278 
material, 277 
membrane, distinction from semi- 
permeable, 274-277 
order of particle size in sol from, 
273 
Ultramarine, cause of blue color, 344 


V 


Vegetation, artificial, 330 
Vermilion, 118, 119 
antimony, 57 


W 


von Weimarn’s, equation, 2 
law of corresponding states for 
precipitation process, 6-8 
theory, 1-10 
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X-ray analysis of, arsenic trisulfide, 
17 
antimony tetra- and penta-sul- 
fides, 63 
antimony trisulfide, 57, 113 
cadmium sulfide, 88 
mercuric sulfide, 94 
zine sulfide, 83, 87 


Z 


Zeta-potential of colloidal particles, 
26-28, 53, 190-192 
Zine ferrocyanide, 242, 246, 247 
adsorption of potassium ferro- 
cyanide by, 246 
colloidal, 246, 247 
color lakes, 246 
mordant, 246 
Zine sulfide, colloidal, 83-88, 96 
blende, 138, 143-152 
gel, 83-86 
precipitation of, in presence of 
acid, 84, 85 
uses in microchemical analysis, 
86 
x-ray analysis of, 83 
phosphorescent, 156-174 
pigments, 86, 121-136 
darkened, decolorization of, 134, 
135 
darkening in light, 124, 125 
cause of, 124, 125 
conditions favoring, 125-127 
mechanism of process, 127— 
131 
prevention, 135, 136 
role of salts in, 126, 131-133 
of water in, 126, 131-134 
photochemical decomposition, 
condition for, 125-127 
prevention of darkening, 135, 
136 
stability to light, 131-133 
effect of adsorbed zinc ions 
on, 131, 132 
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Zine sulfide, pigments, stability to Zine sulfide, sol, 12, 86-88 
light, effect of adsorbed sulfide x-ray analysis of, 87 
ions on, 133 Zirconium oxide sol, 50 
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